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m=) and (b) for the entire WINTER data set. AMS data are
used in the two plots.

CalNex campaign time series of meteorological conditions (T,
RH), particle and gas phase inorganic compound mass
loadings (SOs*, NOg,, CI;, NHs*, Na*; HNOs, NHs, HCI),
particle phase mass fractions of total (gas plus particle; e(NO3"
), &(NH4") based on PM1 and &(CI’) based on PM s, all denoted
by grey color), and PM1 to PM2.s mass fractions of SO4%, NOs®
, NH4" (all denoted by purple color).

Comparisons of predicted and measured HNOs, NOsz", and
e(NO3’) (a, b, ¢) and NHs, NH4*, and e(NH4") (d, e, f) for data
from the complete CalNex study. Particle phase data are all
AMS PM;j. Orthogonal distance regression (ODR) fits are
shown and uncertainties in the fits are one standard deviation.

Comparison of predicted PM2 s particle pH assuming external
versus internal mixing of Na*, CI-, K* with SO4*, NOs", NH4*
for data from the last week of the CalNex study (i.e., SO4*-
NO3™-NH4*-HNO3-NH3 system vs. SO42-NO3z-NH4*-Na*-Cl -
K*-HNOs-NH3-HCI system). For these two cases, pH
increased from 1.9 £ 0.4 to 2.7 + 0.3 with the input of Na*, CI
, K*. Figure 4-4 and Figure 4-5 show that for PM2s, inclusion
of Na*, CI', K provides better predicted portioning of nitric
acid.

Inter-comparisons of predicted and measured gas-particle
phase partitioning for PMys particles for two scenarios:
ISORROPIA-II input without (left) and with (right) Na*, CI
(and HCI), K*. The other input SOs*, NO3, NH4*, NHs,
HNOs, RH, and T are the same in the two cases. The PMzs
data for the last week during CalNex study are shown above.
ODR fits are applied.

Comparison of measured ¢(NOz") for PM2s (data points) to S
curves, which are predicted from theory and include activity
coefficients from ISORROPIA-II. The product of the activity
coefficients, y+yno;, was on average 0.28 with Na*, CI, K*
and 0.19 without Na*, CI, K*. In both cases pH (data points)
is predicted by ISORROPIA-II.
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Figure 4-7

Figure 4-8

Figure 5-1

Figure 5-2

Figure 5-3

Mean hourly averages are shown and standard errors are
plotted as error bars.

Diurnal profiles for the last week of CalNex of predicted pH
and LWC, and measured T, RH, particle and gas phase
inorganic compound mass loadings (SO4*, NOs", CI, NH4";
HNOs, NHs, HCI), particle phase fractions (¢(NO3"), (NH4"),
g(CI)). Particle phase data are all PILS-IC PM.s. Median
hourly averages are shown, and standard errors are plotted as
error bars.

Analytically calculated S-curves of ¢(NOs’) and ¢(NH4") and
ambient data, plotted with ISORROPIA-predicted pH for
CalNex, SOAS, SENEX, and WINTER studies. ¢(NO3") and
e(NH4") are the fraction of the total (gas+particle) in the
particle phase. For the data, a narrow range in W; (1-4 ug m=)
and T (-5<T<5°CforT=0°C,15<T<25°CforT=20
°C) data were selected to be close to the analytical calculation
input (i.e., W; = 2.5 pg m= and various T). For analytical
calculations (S curves), yy+yyyy = 1 was applied;
ISORROPIA-II predicted yy+yyo; 0.06 (WINTER) and
0.084 (CalNex 0.084, SOAS 0.078, SENEX 0.068) were used.

Evaluation of the thermodyamic model. Comparison of
measured NHs to ISORROPIA-II predicted concentrations.
Data are from SOAS (i.e., SEARCH CTR site) for
measurements between June 11 and June 23 2013. NHs was
measured via a Chemical lonization Mass Spectrometer
(CIMS) [You et al., 2014a]. Orthogonal regression and the
uncertainty in the measured NHs lhr-avg data (10%) are
shown. Fit parameter uncertainties are for 95% confidence
intervals. The good agreement validates the model predictions
of pH.

Sensitivity of PM2s pH and Rsos to gas phase ammonia (NH3)
and PM_s sulfate (SO4%) concentrations. Rsos is (NHs* — NO3™
)/SO4% in unit of mol mol™?. The results are predictions from a
thermodynamic analysis assuming equilibrium between the
gas and particle phases for typical summer conditions in the
southeastern US. Boxes define estimated concentration ranges
over the previous 15 years and ranges expected in the future.

Mean summer (June-Aug) trends in PM2s composition, NHs,
Rsos, and predicted PM. s pH at the SEARCH-CTR site. NH3
data are from the SEARCH rural sites Centreville (CTR,
Alabama) and Oak Grove (OAK, Mississippi) and AMoN
Georgia Station (GAS, Georgia) site. SOAS mean data (June
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Figure 5-4

Figure 5-5

Figure 6-1

Figure 6-2

1 to July 15 2013) are also plotted. Error bars represent data
ranges (standard errors). pH was estimated with ISORROPIA-
I run in the forward mode without gas phase species input,
resulting in pH systematically low by approximately one unit
[Guo et al., 2015]. Uncertainties: ions + 15%, molar ratios +
26%, NHz + 15 to 40%.

Predicted pH versus sulfate as a function of changes in
concentrations of cations other than ammonium. In this
sensitivity analyses, NO3z™ and CI" are unchanged at 0.08 and
0.02 pg m3, respectively. Na*, originally at 0.03 pg m= is
increased by factors of 2 and 4. The plot shows that the
decrease in molar ratio (Rsos = (NH4* — NO3)/SO4>) at lower
sulfate is related to the other nonvolatile cations associating
with sulfate. Note that even at significantly higher nonvolatile
cation levels internally mixed with fine particles, pH remains
below 1 until sulfate drops below roughly 0.3 pg m=.

Fraction of total nitric acid in the particle phase. The
partitioning of nitric acid between the condensed (NO3’) and
gas phase (HNO3), ¢(NO3) = NO3/(NOs + HNOs), as a
function of pH, assuming ideal solutions (activity coefficients
of 1) for the average summer conditions during SOAS. The
figure shows little nitrate aerosol when pH is below
approximately 3, the pH observed in the southeastern US in
the past and expected in the future. Lower temperatures shift
the curve to the left, accounting for possibly higher ¢(NO3z") in
colder seasons.

Time series of various measured and ISORROPIA-predicted
parameters and PM2s component concentrations for a select
period of the SOAS study, with periods of rainfall removed.
Thn charge balance (Na* = 25042 + NO3™ + CI" — NH4", pmol
m-3; mean value of 0.28 + 0.18 ug m™) in green, measured Na*
blue, and zero Na* in purple. All other inputs were the same.
Na* represents generic nonvolatile cations (NVC). Specific
plots are as follows: (a) total ammonium (NHx = NHz* + NH3)
to sulfate molar ratio (NHx/SO4%), (b) aerosol ammonium-
sulfate ratios (R = NH4*/SO4%), (c) Na* and NOs, (d) SO.%,
(e) NHs, (f) NH4*, (g) particle-phase fractions of total
ammonium, (NH4"), and (h) particle pH.

Comparisons of predicted and measured particle phase
fractions of total ammonium, (NH4") = NH4*/(NH3 + NH4"),
for data from the 12-days of the SOAS study. NHs" was
measured with a PILS-IC (PMzs cut size) and NHs from a
CIMS. (a) Prediction is based on an ISORROPIA input of

XV

150

150

164

166



Figure 6-3

Figure 6-4

measured Na*, (NHs* + NHs), SO4*, NOs, CI; (b) Model
input identical to (a), except that Na* is set to zero; (c) Same
model input, but Na* inferred from an ion charge balance.
Orthogonal distance regression (ODR) fits are shown and
uncertainties in the fits are one standard deviation (SD). The
uncertainty of measured &NHs") is derived from error
propagation of NH4* (15%) and NH3 (6.8%) measurements.
The best prediction of NH3-NH4* partitioning is achieved by
using measured Na* as input for the least deviation from a 1:1
line.

Comparison between ISORROPIA-predicted and PILS-IC-
measured PMzs R (Rsos = NH4*/SO4%", mol mol™?), where the
model predictions are based on NVC-NH4*-S04*-NO3-ClI-
system for the SOAS study. NVC (nonvolatile cation) was
determined by an ion charge balance (color wave), that is,
(2S04% + NOs™ + CI"— NH4") in units of pumol m. This results
in 200% mole-equivalent concentrations of Na* and K*
compared to Ca?* and Mg?* due to +1 versus +2 charges.
NHs", SO+, NOs, CI are observed PILS-IC mass
concentrations. For each graph, NVC is set to be a single ion,
shown as (a) Na*, (b) K*, (c) Ca?*, (d) Mg?*. Adding Na* or
K* or Mg?* results in predicted R (generally underpredicted)
agreeing better with measured R, compared to predicted R
equal or close to 2 with zero NVC input. Ca?* doesn’t work at
all as it precipitates out from the aqueous phase as CaSO4. The
solubility of CaSOg is only 0.2 g per 100 mL water at 20 °C.
The average predicted particle liquid water W; (3.0 pg m?)
could only dissolve 0.006 pg m Ca?*, a tenfold lower amount
than the inferred Ca?* of 0.23 pg m™ from an ion charge
calculation. ODR fits are shown and uncertainties in the fits
are one SD.

Effect of nonvolatile cations (NVC) on the PM2s ammonium-
sulfate molar ratio (R) and pH as a function of measured Na*
and organic aerosol (OA) concentrations. The orange circular
points in plots (a) and (b) are for AR equal to ISORROPIA
predicted R with measured Na* included in the model input
minus ISORROPIA predicted R without Na* in the model
input. ApH in plot (c) is determined in a similar way. The grey
diamonds in plots (a) and (b) are for AR equal to the actual
measured R minus 2. Note that AR should be negative since
including Na* in the thermodynamic model results in R lower
than 2, whereas not including Na* results in an R close to 2 (on
average R predicted without Na* is 1.97+0.02), a measured R
is generally less than 2. Plot (a) is AR versus measured Na*,
(b) AR versus measured OA mass fraction, and (c) ApH versus
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Figure 6-5

Figure 6-6

Figure 6-7

measured Na*. Orthogonal distance regression (ODR) fits are
shown and uncertainties in the fits are one standard deviation.
A plot similar to (b), but versus OA mass concentration can be
found as Figure 6-5

Effect of nonvolatile cations (NVC) on the PM2s ammonium-
sulfate molar ratio (R) as a function of measured organic
aerosol (OA) concentrations based on AMS data (SOAS). The
orange circular points denote AR calculated from ISORROPIA
predicted R with measured Na* included in the model input
minus ISORROPIA predicted R without Na* in the model
input. Grey diamonds are for AR equal to measured R minus
2. Note that AR should be negative since including Na* in the
thermodynamic model results in R lower than 2, whereas not
including Na* results in an R close to 2 (on average R predicted
without Na* is 1.97 + 0.02).

Comparison between PM: ISORROPIA-predicted Rsos and
AMS-measured Rsos (Rsos = (NHs* — NO3)/SO+%*) (mol mol"
1), where the ISORROPIA-prediction is based on (a) NH4'-
S04%-NO3™ aerosol and (b) Na*-NH4*-S04>-NO3 aerosol
constrained by HNOz. All measurement data are from the
WINTER study. NVC was determined by an ion charge
balance with the molar concentration shown as the color wave.
For this data, the average predicted Na" concentration is 0.15
ug m3, comparable to the offline PILS fraction collector IC-
measured PM1 Na* of 0.23 ug m™. The one SD uncertainty
range for the measured Rsos is shown as gray error bars. The
data points with low SO4* levels (<0.2 ug m; 9% of the total
points) were excluded for high uncertainties. In both plots, the
molar ratios are zero when concentrations of NH4" are near
zero and NVC concentrations highest. In plot (a), as molar
ratios approach 2, predicted NVC levels drop, but the effect of
not including them in the thermodynamic model results in
larger deviations in predicted versus measured Rsoa. Error bars
also increase due to subtraction of higher concentrations of
nitrate and thus more subject to measurement error. As with
the SOAS data, including NVC in the model results in
agreement between predicted and measured ammonium-
sulfate molar ratios.

Comparison between ISORROPIA-predicted and AMS-
measured PM1 Rsos, where the model predictions are based on
NVC-NHs"-S04%-NO3 (-ClI") system for the WINTER studly.
NVC (nonvolatile cation) was determined by an ion charge
balance (color wave), that is, (2504* + NO3™ — NH4") in units
of pumol m3. This results in 200% mole-equivalent
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Figure 6-8

Figure 6-9

concentrations of Na™ and K* compared to Ca?* and Mg?* due
to +1 versus +2 charges. NH4*, SO4*, NO3™ are observed AMS
mass concentrations. For each graph, NVC is set to be a single
species, including (a) Na*, (b) K*, (c) Ca?*, (d) Mg?*. For K,
Ca?*, and Mg?*, the assumed trace amount of total chloride
(0.01 pg m™) doesn’t perturb normal calculations of pH or
HNO3-NOs™ partitioning at all for only 0.0012 ug m™ CI- (12%
of total chloride) predicted in the aerosol, but eliminates
potential model errors. (Note that, Cl" is only assumed for
ISORROPIA input but not included in the charge balance
calculation. The predicted 0.0012 pg m™ CI" is negligible
compared to NH4*, SO4%, and NOs.) Adding Na* and K*
results in predicted Rsos agreeing with measured Rsos. Mg?*
also results in closer agreement, although some points deviate.
Ca?" doesn’t work at all as it precipitates out from the aqueous
phase as CaSOa. The solubility of CaSO4 is only 0.2 g per 100
mL water at 20 °C. An approximate calculation on CaSOs
solubility shows that the average predicted particle liquid
water W; (2.0 ug m) could only dissolve 0.004 pg m™ Ca?*,
a tenfold lower amount than the inferred Ca?* of 0.13 pg m™
from an ion charge calculation. ODR fits are shown and
uncertainties in the fits are one SD.

Predicted particle pH and molar ratios as a function of Na*, R
= NH4*/SO4% for SOAS and Rsos = (NH4" — NO3™ )/SO4% for
WINTER. In this sensitivity analyses, all model inputs are
kept constant as the average SOAS or WINTER conditions
and only Na® concentration varies. For the SOAS 12-day
period (June 11-23) ISORROPIA-II inputs are: 2.03 pg m*
S04%, 1.14 pg m™ (NHz + NHz"), 0.23 ug m= NOs, 0.03 pg
m= CI', zero K*, Ca®*, Mg?*, and 68% RH, 298.2 K T. For the
WINTER study, the inputs are: 1.02 ug m™ SO4%, 0.50 ug m’
3 NH4", 2.21 pg m™ (HNOs + NOg3), zero CI, K*, Ca®*, Mg?",
and 58% RH, 272.1 K T. Average inferred Na* concentrations
from the ion charge balance were 0.28 ug m™ for SOAS and
0.15 pg m™ for WINTER, shown as the vertical dashed lines.
In comparison, average measured Na* was 0.06 pg m™ in
SOAS and 0.23 ug m™ in WINTER. ODR fits are shown and
uncertainties in the fits are one SD. Since the pH response to
Na* in the SOAS study becomes nonlinear above 0.6 pg m™
Na*, the fit is only applied to the range below. Ranges in pH
and molar ratios (R and Rsoa) in the eastern U.S. are shown as
the purple marks.

S curves illustrate the nonlinear response in particle phase

fraction, e(NH4") or ¢(NOz’), to variation in pH: (a) e(NH4")
and (b) e(NO3) plotted vs. pH. The two S curves are calculated
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Figure 6-10

based on T = 20 °C, particle liquid water level = 5 ug m, and
ideal solution (i.e. y = 1). The S curve equations can be found
at Guo et al. [2017a]. Non-ideality only shifts the S curves but
does not change the shapes. The 0.3 unit pH (SOAS) and 0.5
unit pH (WINTER) variations (biases) are the upper limit
values based on the difference between zero and inferred Na*
inputs (Figure 6-8) and indicated by paired red and blue sticks,
respectively. The response of g(NHs") or &¢NO3) to pH
reaches maximum at 50% &(NH4") or ¢(NO3’) (i.e., position
(2), 0.3 unit pH change causes ~20% or 0.5 unit pH change
causes ~30% shift in the particle phase fraction), but down to
nearly zero when 100% or 0% e(NH4") or &(NO3) (e.g.
position (1) or (3)).

Mean summer (June-August) trends in (a) measured and
predicted Rsos, (b) predicted PM2s pH, and (c) inferred Na*
(from ion charge balance of Na*-NH4"-S04%-NOs" aerosols)
concentration and mole fraction at the SEARCH-CTR site.
Model input includes the observational PM.s composition
data (NH4*, SO4%, NO3") and meteorological data (RH, T) at
CTR. Rsos and pH were estimated with ISORROPIA-II run in
forward mode with an assumed NHj level of 0.36 ug m™, the
mean concentration from the SOAS study (CTR site, summer
2013), due to limited NH3 data before 2008. Historical NH3
mean summer concentration at CTR were 0.2 pg m™ (2004-
2007) [Blanchard et al., 2013] and 0.23 + 0.14 ug m (2008-
2013) [Weber et al., 2016]. 41 out of the total 609 (7%) daily
mean Rsos Were observed above 3 due to measurement error,
above the upper limit of Rsos = 2, therefore, excluded in the
model input. Error bars represent daily data ranges (SD).
Linear regression fits are shown and uncertainties in the fits
are one SD. In (a), based on regression slope, the observed
Rsos trend was —0.021 + 0.007 at CTR versus a predicted value
of —0.017 + 0.006 unit yr for ISORROPIA run with Na* from
the charge balance, and —0.003 + 0.001 unit yr* for a constant
Na* of 0.03 ug m=, used by Weber et al. [2016]. These results
are consistent with the reported Rso4 trend of —0.01 to —0.03
yr! reported by Hidy et al. [2014] for SEARCH data set. In
(b), the pH predictions with inferred Na* or with limited Na*
of 0.03 ug m™ shows a fairly stable PM2s pH in the last 15
years. In (c), the inferred Na* shows a general decreasing trend
while the inferred Na™ mole fraction stays relatively stable
around 15% (x 4%).
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Figure 6-11

Figure 7-1

Figure 7-2

Figure 7-3

Comparison of the measured and predicted Rsos (with inferred
Na* as input), summer means at CTR, as shown in the Figure
6-10.

Comparisons of predicted and measured NHs, NH4*, (NH4")
(ammonium particle phase fraction, NH4*/(NH4* + NH3)),
NOs for metastable mode (left: a-d) and stable mode (right: e-
h) runs in ISORROPIA-II. Data input are the average
aerosol&gas concentrations and RH&T reported in Wang, et
al. (8) (Table S1&S2) for Beijing (BJ) and Xi’an (XA) for
clean, transition, and polluted periods. For HNO3-NOs
partitioning, only NOs" is plotted for lack of HNO3 data, which
is predicted to be < 1% of NOs™ on condition of high pH in BJ
and XA. Orthogonal distance regression (ODR) fits are shown
and uncertainties in the fits are one standard deviation.
Measurement uncertainties are shown as error bars. Since the
Wang et al. [2016] and related papers didn’t specify the
measurement uncertainties, a typical 35% AMS measurement
uncertainty was used for Beijing PM; data [Bahreini et al.,
2009], and a 10% measurement uncertainty assumed for Xi’an
PM2 s data based on the MARGA methodology [Makkonen et
al., 2012; Rumsey et al., 2014]. NHs was measured by
MARGA in Beijing and Xi’an. According to Rumsey et al.
[2014], an 23% measurement uncertainty is assumed for NHs.
The uncertainties in &¢(NHa)" are calculated based on error
propagation of the NHs and NHs* measurements.

Sensitivity of PM1 pH to gas-phase ammonia (NHz) and PMy
sulfate (SO4%) concentrations. The results are predictions from
a thermodynamic analysis assuming equilibrium between the
gas and particle phases for typical winter conditions (RH =
58%, T = 273.1K) in (a) the eastern U.S. with low total NO3
(HNOs + NO3) concentrations, 2.2 ug m=3, and (b) Beijing
haze pollution periods with high total NOs, 26 ug m. Boxes
define observed concentration ranges for the eastern U.S. and
Beijing and open symbols represent mean NHs and SO4*
conditions. Average total NO3 for eastern U.S., Beijing (BJ)
clean, BJ transition, BJ polluted were 2.2, 6.6, 18, 26 pg m=,
respectively. Since total NOsz  during Beijing clean and
transition periods were 6.6 pg m= and 18 pug m=, respectively,
graph (a) better represents the Beijing clean period and graph
(b) better for the Beijing transition period.

Equilibrium particle pH versus a wide range of ammonia
(NHs3) based on average aerosol and meteorological conditions
(RH, T) at each site. The open symbols are the study mean pH
and NHjs, and shaded backgrounds show the upper limit of the
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Figure 7-4

Figure A-1

Figure A-2

Figure A-3

Figure A-4

Figure A-5

Figure A-6

pH range for each study (shading color matches color of study
line given in the legend). Note that Xi’an polluted and
WINTER PM; lines overlap showing inherent consistency
between the two (also true for Beijing). For the WINTER
study (the only aircraft data shown), the point represents a
predicted NHs level 0.1 ug m™ (pH = 2), whereas the reported
campaign average pH (0.8 £ 1.0) is lower due to lower pH
aloft.

Aqgueous phase sulfate production by sulfur dioxide oxidation
under characteristic conditions adapted from Cheng et al.
[2016] and plotted with pH ranges calculated in this study.
Lines represent sulfate production rates calculated for
different aqueous phase reaction pathways with oxidants:
hydrogen peroxide (H202), ozone (Oz3), transition metal ions
(TMIs), and nitrogen dioxide (NO). The gray-shaded area
indicates characteristic pH ranges for aerosols during severe
haze episodes in Beijing, calculated in this study. These
conditions are contrasted to the lower pH of eastern US
aerosol. The plot shows the NO> pathway (red line) is not the
main route for sulfate production.

A linear regression fit of measured RH vs. theoretical RH.

Predicted PM2s dry density diurnal profile. Median hourly
density averages and standard error bars at local hour are
plotted.

gfp plotted as a function of ambient RH based on the SOAS
data set.

(@) A single spherical particle scattering efficiency (Q) over
PM2s size range at A = 530 nm; (b) Qg ratio
(Qs,ambient/ Qs,ary) Plotted versus gf;, for the average SOAS
dry size distribution reported by Nguyen et al. [2014b].

Comparison between f(RH)_water (Equation A-8) and LWC
calculated based on Qg gmpient/Qsary at specified gfp
(Equation A-10). ODR fits are shown.

Qs,ambient/ s,ary and LWC error are plotted as a function of
RH. The size RH points (28.6%, 56.6%, 71.6%, 76.4%,
82.8%, 92.0%) noted on the graph correspondsto gf, =1, 1.1,
1.2,1.24, 1.3, and 1.4, respectively.
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Figure A-7

Figure A-8

Figure B-1

Figure B-2

Figure B-3

Figure B-4

Figure B-5

Figure B-6

Figure B-7

Korg diurnal variation. Median averages are plotted at local
hours.

Filter-based campaign averaged inorganic composition in
PM2s at SCAPE and SOAS sampling sites. The mean total
concentrations of the listed ions are labeled to the right top of
each PI chart. Filter sampling, each 23hrs, was parallel to
AMS measurement. JST June 2012 is plotted instead of May
2012 due to lack of filter data during this period.

Sulfate and nitrate comparisons between PM; PILS-IC, PM;
PILS with fraction collector, PM1 AMS, and PMy filters for
the complete WINTER study. Orthogonal distance regression
fits are shown.

Comparison between AMS and PILS-IC NOs for the
complete WINTER study at three RH ranges: (a) 20-40%; (b)
40-60%; (c) 60-95%. Orthogonal distance regression fits are
shown. Note that, the axis range in figure (a) is smaller.

Comparisons of stable (solid+liquid) aerosols vs. metastable
(liquid) aerosol assumptions for predicted HNO3 (nitric acid),
(NO3") (nitrate), and &(NOz3") (particle nitrate fraction of total
nitrate) with data from the complete WINTER study: (a-c)
PILS-1C anion with scaled AMS NH.4" input; (d-f) AMS input.

Comparisons between predicted and measured £(NO3") with
data from the complete WINTER study (AMS aerosol data
only) for different ambient RH ranges: (a) 20-40%; (b) 40-
60%; (c) 60-95%.

Predicted versus measured partitioning of nitrate as a function
of total nitrate concentration (HNOz + NOgz) from the
complete WINTER study. This figure can be contrasted with
Figure 2f in the main text, which is similar, but shows the RH
dependence.

Comparison between “AMS inorgNO3z™ and “AMS NO3z™
(i.e. complete WINTER data set). ODR fit is shown.

Comparisons of predicted and measured HNOs, NOs, and
€(NO3") with data from the complete WINTER study using
AMS inorgNO3". ODR fits are shown. This plot is compared
to Figure 3-2 in the text.
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Figure B-8

Figure B-9

Figure B-10

Figure B-11

Figure B-12

Figure B-13

Figure B-14

Figure C-1

Times series of WINTER Flight 6 PILS fraction collector
NaCl mole fraction (NaCl to total input moles), Na*, CI-, SO4*
, and predicted pH with and without NaCl.

Predicted particle pH as a function of assumed Na* and CI
mass loadings at the WINTER average condition of SO4> =
1.02 ug m3, NHs* = 0.50 ug m3, (NOs™ + HNO3) = 2.21 ug m-
8 K*=Ca? = Mg? =0pug m3 RH=575%, T =272.1 K.
ISORROPIA-II was run in forward mode. The field campaign
average Na* and CI° mass loadings from PILS fraction
collector and filter are labeled in the graph. Note that, PILS-
IC CI' (0.07 £0.11 pug m3) and AMS CI- (0.02 + 0.04 pug m)
are much smaller than filter CI (0.69 + 1.60 pug m).

Comparisons of predicted and measured HNOs, NOs, and
¢(NO3") with the complete WINTER data when both Na* and
Cl- were above LOD: (a-c) AMS input (NHs*, NO3", SO42);
(d-f) AMS input with PILS fraction collector Na* and CI
added. Orthogonal distance regression fits are shown.

Predicted W; versus AMS “sulfate + nitrate + chloride +
ammonium” mass concentrations.

HYSPLIT 24 hours air mass back trajectory matrix at 0600 (a),
0800 (b), 1000 (c) UTC time for WINTER Flight 6 and at 1000
(d), 1200 (e), 1400 (f) UTC time for WINTER Flight 8.
Starting heights are set to be 500 m for Flight 6 and 100 m for
Flight 8.

Times series of WINTER Flight 6 AMS and filter NOs", and
the coarse mode NOs" fraction (1 — AMS NOgz/Filter NO3).

Comparisons of predicted and measured HNOs, NOs, and
€(NO3z") for a 5-hour period in Flight 6. Aerosol phase
ISORROPIA-II inputs are: (a-c) AMS SO4%, NOs", NH4* with
Na* = CI" = Ca?" = Mg?" = K* = 0; (d-f) Filter minus AMS
(coarse mode) SO4*, NOs", NH4* with filter Na*, CI-, Ca?*,
Mg?*, K* (assuming all of the Na*, CI-, Ca®*, Mg?*, K* is in
the coarse mode). HNOs, T, and RH are the same for (a-c) and
(d-f). Orthogonal distance regression fits are shown. Note that,
the axis range is smaller in (c) compared to (e).

Sulfate and nitrate comparisons between PM; PILS-IC, PM;
PILS with fraction collector, PM1 AMS, and PMy filters for
the complete WINTER study. Orthogonal distance regression
fits are shown.
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Figure C-2

Figure C-3

Figure C-4

Figure C-5

Figure C-6

Figure C-7

Figure C-8

The comparison of S curve and measured ¢(CI°) with predicted
particle pH by ISORROPIA-II. CI" is from PM2s PILS-IC
measurements.

Simulated ¢(NO3"), &(NH4"), ¢(CI") at =20 °C, 0 °C, 20 °C and
various particle liquid waterlevels (1.25, 2.5, 5, 10 pg m?)
assuming ideal solutions.

Simulated ¢(NO3), &(NH4"), &(CI") at =20 °C, 0 °C, 20 °C and
various particle liquid water levels (1.25, 2.5, 5, 10 ug m?)
with activity coefficients obtained from CalNex campaign.
Yu+Yno; = 0.078, yy+y¢- = 0.66, and Yu+/Vnuy assumed to

be 1. Note that, y,+yno; is calculated from ISORROPIA-
predicted ionic pair activity coefficient, yy+_yo- , by

YutVnoz = (VH+—N0;)2

Diurnal profiles of measured and predicted HNO3, NOs", and
€(NO3"). Data shown above are for the complete CalNex study
and particle-phase data is AMS PMs. Mean hourly averages
are shown and standard errors are plotted as error bars.

Diurnal profiles of (a) temperature difference between AMS
indoor and outdoor and (b) corresponding ambient and RH
predicted in the sample line due to the T difference. Mean
hourly averages and standard deviations are shown.

Diurnal profiles of measured and predicted (a) NOs", &(NO3’)
and (b) NH4*, e(NH4"). Predictions are based on ambient or
sample line RH and T for AMS inlet. Data shown above are
for the complete CalNex study in the 20-95% RH range and
particle-phase data is AMS PM:. Mean hourly averages are
shown. ISORROPIA run with ambient data show that the
predicted partitioning between the particle and gas phase is in
better agreement with observations than runs using sample line
T and RH. Note that in both runs, only T and RH differ since
total nitrate and ammonium input are the same.

Comparisons of predicted and measured HNOs, NOs", and
e(NO3’) (a, b, ¢) and NHs, NH4*, and e(NH4") (d, e, f) for data
from the complete CalNex study based on “corrected” HNO3
data due to assumed PM; nitrate evaporation in the heated
CIMS inlet. The other inputs are kept the same. Only the ODR
fits are shown. “0% NOz" loss” condition is the same as Figure
4-2 in the main text.
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LIST OF SYMBOLS AND ABBREVIATIONS

SYMBOLS:

Dy

€s
Enn,
fi
f(RH)
9/p
air
Hg,

Huno,

*
Hyno,

aerosol diameter

saturated water vapor pressure

ammonia emission rate

volume fraction of species i in particle

aerosol hygroscopic growth factor

aerosol diameter-based growth factor
hydronium ion concentration in air

hydronium ion concentration in aqueous solution
nitric acid Henry's Law constant

equilibrium constant of HNO3(gy <> NO;3~ + H*
ammonia Henry's Law constant

acid dissociation constant

nitric acid dissociation constant

water dissociation constant

organic mass concentration

dry aerosol mass concentration

particle refractive index

particle number distribution function

particle number concentration

partial pressure of nitric acid

aerosol light scattering coefficiency
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Korg

Porg
Pp

Pw

ammonium-sulfate aerosol ratio
ammonium-sulfate aerosol ratio (excluding nitrate)

ammonia deposition velocity

ammonium deposition velocity

particle water associated with inorganics

particle water associated with organics
hydronium ion activity coefficient

hydronium ion-nitrate ion pair activity coefficient
ammonium activity coefficient

nitrate activity coefficient

change of any changeable quantity

particle phase fraction of chloride

particle phase fraction of ammonium

particle phase fraction of nitrate

organic aerosol mass fraction (to dry aerosol mass)

particle water associated with organics fraction (to total particle
water)

particle hygroscopic parameter

organic aerosol hygroscopicity parameter
wavelength

organic aerosol density

dry aerosol density

water density

aerosol light scattering coefficient
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ABBREVIATIONS:

AIOMFAC

AMoN
AMS
ARA

BC

BB

BJ

BVOC
Ca(NO3)2
CaZ*

CalNex

CCN
Cd
CESTGC or CCNc

CIMS
Cr
CO2
CTM
CTR
E-AIM
Fe

GA

Aerosol Inorganic-Organic Mixtures Functional groups Activities

Coefficients

Ammonia Monitoring Network
Aerosol Mass Spectrometer
Atmospheric Research & Analysis
black carbon

biomass burning

Beijing

biogenic volatile organic compound
calcium nitrate

calcium ion

California Research at the Nexus of Air Quality and Climate

Change

cloud condensation nuclei

cadmium

Gradient

Continuous-Flow  Streamwise  Thermal

Condensation Nuclei counter

Chemical lonization Mass Spectrometer
chloride ion

carbon dioxide

chemical transport model

Centreville

Extended Aerosol Inorganics Model
iron

Georgia
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GAS
GIT
H*
H20
H202
HCI
HEPA
Hg
HIMIL

HIAPER

HNOs3
HR-ToF-AMS
HSO3

HSO4
H2SO4
HYSPLIT

.

IC

inorgNO3
Isoprene-OA
ISORROPIA

JST
K+

K2COs

Georgia Station

Georgia Institute of Technology
hydronium ion (short for H3O")
water

hydrogen peroxide

hydrochloric acid

High efficiency particulate-free air
mercury

HIAPER Modular Inlet

High-Performance  Instrumented
Environmental Research

nitric acid

Airborne  Platform  for

High-Resolution Time-of-Flight Aerosol Mass Spectrometer

bisulfite ion
bisulfate ion

sulfuric acid

Hybrid Single-Particle Lagrangian Integrated Trajectory model

lodine ion
lon Chromatograph
inorganic nitrate

isoprene derived organic aerosol

improved thermodynamic equilibrium aerosol mode; "equilibrium™

in Greek
Jefferson Street
potassium ion

potassium carbonate
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K2SO4
KCI
KNOs3
LA

LiF

LOD
LOOOA
LVOOA
LWC
MAAP
Mg(NO3)2
Mg?*
MgSO4
MILARGO
MOOOA
Na*

NacCl
Na2COs
NaHCOs
NaNO3
NaSO4
NAAQS
NCAR
NE

NH;

potassium sulfate

potassium chloride

potassium nitrate

Los Angeles

lithium fluoride

limit of detection

less-oxidized oxygenated organic aerosol
lowvolatile oxygenated organic aerosol
liquid water content

Multiangle Absorption Photometer
magnesium nitrate

Magnesium ion

magnesium suflate

The Megacity Initiative: Local and Global Research Observations

more-oxidized oxygenated organic aerosol
sodium ion

sodium chloride

sodium carbonate

sodium bicarbonate

sodium nitrate

sodium sulfate

National Ambient Air Quality Standard
National Center for Atmospheric Research
northeast

ammonia
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NH4*
NH4HSO4
(NH4)2S04

NI-PT-CIMS

NO2
NO3s
NOs3,total
NOAA
NOx
NVC
0o:.C

O3

OA
OAK
ODR
PALMS
PFA
PILS-IC
PM1
PM2s
PMy

ppbv
QC-TILDAS

RAF

ammonium ion

ammonium bisulfate

ammonium sulfate

ionization

negative-ion chemical

spectrometer

proton-transfer

nitrogen dioxide

nitrate ion

sum of nitrate and nitric acid

National Oceanic and Atmospheric Administrations
nitrogen oxides (NO and NO>)

nonvolatile cation

oxygen to carbon atomic ratio

ozone

organic aerosol

Oak Grove

orthogonal distance regression

Particle Analysis by Laser Mass Spectrometry

perfluoroalkoxy

mass

Particle-Into-Liquid-Sampler coupled to an lon Chromatograph

particulate matters with aerodynamic diameters within 1.0 um

particulate matters with aerodynamic diameters within 2.5 pm

particulate matters with aerodynamic diameters within 4.0 um

parts per billion by volume

Quantum Cascade Tunable Infrared Laser Differential Absorption

Spectrometer

Research Aviation Facility
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R?or r?
RH

RS
SCAPE
SD

SE
SEARCH
SENEX
SMAI
SOz
SO4*
SOA
SOAS
STP
SVDMA
SVOOA
SW

-

Te
TEOM
TMI
U.S. or US
uTC

VOC

gas constant
coefficient of determination
relative humidity

road-side

Southeastern Center for Air Pollution and Epidemiology

standard deviation

southeast

Southeastern Aerosol Research and Characterization

Southeastern Nexus of Air Quality and Climate

Submicron Aerosol Inlet

sulfur dioxide

sulfate ion
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SUMMARY

Particle acidity is a critical but poorly understood quantity that affects many aerosol
processes and properties, including aerosol composition and toxicity. In this study, particle
pH and water (which affects pH) are predicted using a thermodynamic model and
measurements of RH, T, and inorganic gas and particle species. The method was first
developed during the SOAS field campaign conducted in the southeastern U.S. in summer
(pH = 0.94 £ 0.59), and then extended to aircraft observations in the northeastern U.S. in
winter (WINTER study; pH = 0.77 = 0.96) and ground observations in the coastal
southwestern US in early summer (CalNex study; PM: pH = 1.9 £ 0.5 and PM2s pH = 2.7
+ 0.3). All studies have consistently found highly acidic PM; with pH generally below 3.
The results are supported by reproducing particle water and gas-particle partitioning of
inorganic NH4", NOgs", and CI. Nonvolatile cations may increase pH with particle size
above 1um depending on mixing state but have little effect on PM1 pH. lon balance or
molar ratio, are not accurate pH proxy and highly sensitive to observational uncertainties.
Impacts of low particle pH were investigated, including the effects on aerosol nitrate trends
and the role of acidity in heterogeneous chemistry. We found that PMa.s remained highly
acidic despite a ~70% sulfate reduction in the southeastern U.S. in the last 15 years, due to
buffering by semivolatile NHz3; that the bias in molar ratio predictions in past studies is
linearly correlated to nonvolatile cations but not organics, challenging the organic film
postulation that exclusively limits the gas-particle transfer of NHs; that recently proposed
rapid SO; oxidation by NO> during China haze events may not be a significant source of

sulfate due to relatively low pH (~4); and lastly that pH is also not highly sensitive to NHs,
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a 10-fold increase in NH3 only increases pH by one unit in various locations and seasons,

which has implications for use of NHsz controls to reduce PM2s concentrations.
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CHAPTER 1. INTRODUCTION

1.1 Importance of atmospheric aerosols

Aerosols, also known as particulate matters, are particles normally in forms of liquid or
solid. Aerosols are found to be ubiquitous in atmosphere and often a major contributor to
impaired air quality and visibility. Aerosols can suspend in air weeks long and be
transported by wind across ocean, making long-lasting impacts on public health and global
climate. Therefore, it is essential to understand aerosol chemistry and the links to health

and climate, and to support policy making of controlling air pollution.

Aerosols affect climate directly and indirectly. Depending on the chemical composition,
particle size, mixture state, and morphology, atmospheric aerosols absorb or scatter solar
radiation, altering the radiation balance of the Earth surface. Black carbon and brown
carbon heat up atmosphere by absorbing solar radiation, whereas the most aerosol
components (both organics and inorganics) cool down atmosphere by scattering solar
radiation (e.g. [Pilinis et al., 1995; Haywood and Boucher, 2000; Chung and Seinfeld, 2002;
IPCC, 2013]). Aerosols also have an indirect climate effect through modification of cloud
properties, such as cloud albedo and lifetime, due to involvement in cloud formation as
cloud condensation nuclei [Lohmann and Feichter, 2005]. The net radiative forcing from

aerosols is estimated to be a cooling effect of 0.9 W m2 [IPCC, 2013].

Ambient fine aerosols are a leading and fast-growing mortality risk factor (5" ranking),
resulting in more than 4 million deaths in 2015 globally [Cohen et al., 2017]. Back in 2010,

PM_s was the 9" ranking among 67 risk factors, causing 3.1 million deaths [Lim et al.,



2012]. After inhalation, PM.s deposits in lung and may penetrate the alveoli, therefore,
raises more health concerns than particles of larger sizes that cannot go as far [Rostami,
2009; Kleinstreuer and Zhang, 2010]. Numerous epidemiological studies show that
aerosols are positively correlated with cardiovascular, respiratory, and allergic diseases
[Pope et al., 1995; Katsouyanni et al., 2001; Gauderman et al., 2004; Pope et al., 2004].
The aerosol components that cause varying adverse health outcomes are normally minor
mass fractions, such as black carbon (BC), transition metal ions (TMIs), and polycyclic

aromatic hydrocarbons (PAHS).

A brief introduction on aerosol composition is followed since it is closely related to the

impacts of aerosols on climate and health.

1.2 Composition of atmospheric aerosols

Fine particles (PM2s) are complex mixtures of organic and inorganic species [Kanakidou
et al., 2005; Sardar et al., 2005; Zhang et al., 2007a] often mixed with significant amounts

of liquid water content (LWC) [Liao and Seinfeld, 2005; Carlton and Turpin, 2013].

Organic matters make up a large fraction of PM. s dry mass, typically in the range of 20-
60% and up to 90% in pristine forests [Kanakidou et al., 2005; Zhang et al., 2007a].
Organic aerosols (OA) are commonly classified into two groups: nonvolatile species
emitted as aerosols (primary organic aerosol, POA), such as BC, and volatile organic
compounds (VOCs) oxidized in gas phase and converted to low vapor pressure products,
and then partition to the condensed phase (secondary organic aerosol, SOA) [Chung and

Seinfeld, 2002; Ervens et al., 2011]. SOA is typically a substantial fraction of OA mass,



80% on a global scale [Kanakidou et al., 2005; Spracklen et al., 2011] and 50%-100%

depending on season and location [Xu et al., 2015b].

Inorganic species are also significant fractions of PM2s dry mass. Sulfate (SO4%),
ammonium (NH4"), and nitrate (NO3") are typically the most abundant inorganic ions, with
lower levels of sodium (Na*), chloride (CI), crustal elements (e.g. Ca?*, Mg?*, K*), and
TMIs [Cabada et al., 2004; Sardar et al., 2005; Peltier et al., 2007a; Zhang et al., 2010;
Fang et al., 2015; Guo et al., 2015]. Aerosol hydronium ion (HsO™, hereafter denoted as
H*, but recognizing that the unhydrated hydrogen ion is rare in aqueous solutions) is
difficult to quantify directly and often expressed as a logarithmic scale, pH (discussed

further below).

Although LWC is inorganic, it is not routinely measured as other inorganic ions. LWC is
the most abundant particle species in the atmosphere, at least 2-3 times of the total aerosol
dry mass on a global scale [Pilinis et al., 1995; Liao and Seinfeld, 2005]. It is a vital
medium for aerosol aqueous chemistry, and it is mainly determined by relative humidity

(RH), particle concentration and composition (i.e. hygroscopicity).
1.3 Importance of particle pH

pH is defined as the hydrogen ion activity in an aqueous solution [Stumm and Morgan,

1996].

pH = —logy, YH+H(-1|-q (1-1)

where yy+ is the hydronium ion activity coefficient, Hz, (mole L1 is the hydronium ion

concentration in particle water. pH varies considerably in natural liquid systems and pH of



7 indicates a neutrality at 25 °C. For examples, pH of seawater is between 7.4 and 9.6
[Marion et al., 2011], pH of human blood is typically limited to a range between 7.34 and
7.45 [Waugh and Grant, 2014], pH of normal rain is 5.6, pH of acid rain is usually lower
between 3.5 and 5.0 [Menz and Seip, 2004], and pH of lemon juice is as low as 2. pH is an
important liquid property in many fields, such as chemistry, biology, oceanography, and
environmental science. Here we focus on how pH affects aerosol chemical and biochemical

properties such as chemical reactions, equilibrium conditions, and biological toxicity.

pH is involved in secondary aerosol formation, for the pH-sensitive aqueous reactions. H*
catalyzes heterogeneous reactions of organics such as hydration, polymerization, and
carbonyl ring opening [Jang et al., 2002] and may play a key role in SOA formation.
Laboratory chamber studies have shown the production rates of SOA from some biogenic
volatile organic compound (BVOC) precursors, such as isoprene and a-pinene, are
enhanced by acidic particle seeds [Jang et al., 2002; Gao et al., 2004; Edney et al., 2005;
Surratt et al., 2007; Eddingsaas et al., 2010; Surratt et al., 2010; Han et al., 2016b].
Evidence for enhanced acid-catalyzed SOA formation in the ambient atmosphere have also
been reported in several studies [Chu, 2004; Lewandowski et al., 2007; Zhang et al., 2007b;
Tanner et al., 2009; Pathak et al., 2011; Lin et al., 2012; Budisulistiorini et al., 2013].
Sulfate is a ubiquitous inorganic aerosol species and is produced by aqueous and gas phase
oxidation of sulfur dioxide (SO) along well-established pathways. The competition
between aqueous pathways depends on the pH level; ozone (O3) dominates under alkaline
and hydrogen peroxide (H202) dominates under acidic conditions [Seinfeld and Pandis,

2006].



In addition to controlling certain aqueous reactions, pH affects particle concentrations and
compositions directly through partitioning of both semivolatile weak (e.g. formic, acetic,
and oxalic) and strong acids (e.g., nitric and hydrochloric). Low pH drives these acids to
the protonated and volatile states, and hence into the gas phase. By impacting PM2s mass
concentrations, particle pH can affect emission control priorities aimed at meeting air
quality standards to protect human health [Lelieveld et al., 2015]. Furthermore, pH-
controlled partitioning of these acids and associated ammonium affects deposition patterns
of both acids and nitrogen (nitric acid, ammonia) due to large differences in gas and particle
deposition rates [Huebert and Robert, 1985; Duyzer, 1994; Schrader and Brummer, 2014]
and particle nitrate potentially affects N2Os heterogeneous reaction rates and NOy control

[Wahner et al., 1998; Bertram and Thornton, 2009; Wagner et al., 2013].

pH also affects the solubility of TMIs found in aerosols, such as Fe [Meskhidze et al., 2003,
Oakes et al., 2012; Longo et al., 2016]. Although mainly present as insoluble oxides, lower
pH can dissolve these metals and convert them to soluble forms, such as metal sulfates
[Oakes et al., 2012] and thereby significantly change the aerosol environmental impacts.
For example, on global scales, metal mobility affects nutrient distributions [Duce and
Tindale, 1991; Meskhidze et al., 2003; Meskhidze et al., 2005; Nenes et al., 2011; Ito and
Xu, 2014; Myriokefalitakis et al., 2015; Myriokefalitakis et al., 2016] with important
impacts on productivity [Meskhidze et al., 2005], carbon sequestration and oxygen levels
in the ocean [lto et al., 2016], whereas on regional scales soluble TMIs have been linked
to aerosol toxicity or aerosol oxidative potential [Ghio et al., 2012; Verma et al., 2014,
Fang et al., 2015]. Synergistic adverse health effects have also been observed between

ozone and acidic aerosols [Last, 1991; Enami et al., 2008] and many epidemiological



studies have reported adverse health outcomes associated with strong aerosol acidity
[Koutrakis et al., 1988; Thurston et al., 1994; Dockery et al., 1996; Raizenne et al., 1996;

Gwynn et al., 2000; Lelieveld et al., 2015].

Besides the above effects on aerosol composition, aerosol morphology and phase
transitions, including efflorescence and phase separation, is found to be pH-dependent

[Losey et al., 2016].

1.4 Current understanding of particle pH

Despite its importance, a direct measurement technique of particle pH is very limited. A
recent indirect optical method that infers H* activity based on the ratio of SO4> and HSO4
was developed, but only applicable to determine pH for particle sizes larger than 10 um
and requires activity coefficient predicted by thermodynamic modeling [Rindelaub et al.,
2016]. Filter collected aerosols are widely extracted via de-ionized water with follow-up
analysis in lab. The pH of the extracted solution measured via a pH probe or a pH test strip
(not accurate as a probe) does not necessarily indicate the pH in aerosols for two reasons.
First, aerosol water-soluble ions get completed dissociated in the very dilute extracted
solution compared to the much more concentrated aerosol water, in which multiple forms
of ions are possible and depend on pH (e.g., sulfate can be in the form of H2SO4, HSO4',
or SO4%). Second, some originally water-insoluble ions may dissolve in the extraction and

change the ion balance.

The inability to directly measure fine particle pH has led to the use of measurable aerosol
properties as acidity proxies, such as aerosol ammonium-sulfate ratio or ion balances (e.g.

[Paulot and Jacob, 2014; Wang et al., 2016; Silvern et al., 2017]). Use of these pH proxies



may lead to inappropriate conclusions on pH’s effect because they do not capture the
variability in particle water, ion activity coefficients, or partial dissociation of species in

the aerosol phase (as discussed in the thesis).

The method that best constrains aerosol pH is comparison between a thermodynamic
analysis and observations of gas-particle partitioning of semivolatile species that are
sensitive to pH at the given environmental conditions (i.e., gas-particle concentration ratios
near 1:1). Based on this framework, particle pH was reported in the range of 2.5 to 3.5 for
deliquesced sea-salts at Bermuda [Keene and Savoie, 1998], below 2 for acidified dust over
the Yellow Sea [Meskhidze et al., 2003], and 2 to 3 in the northern Colorado U.S. [Young

et al., 2013].

1.5 Overview of this study

The scope of this work is to develop a pH prediction method based on a thermodynamic
model that calculates ion interactions, gas-particle partitioning, and LWC at the in situ and
non-ideal conditions of atmospheric aerosols. Compared to the previous work that predict
particle pH, this work extensively evaluates the accuracies of the reported pH with a large
suite of observational dataset from several field campaigns conducted in the US. The
predicted pH is used for investigating the pH impacts on aerosol chemistry. This work also
explains the historical observational trends and provides insights on the particle pH change

in the future.

The thesis is organized by the following structure: Chapter 2 presents a detailed
development, validation, and uncertainty analysis of the new pH prediction method. NHs-

NH4" partitioning was used to constrain pH predictions. As LWC is essential for pH



calculation, we compared the modeled and measured LWC and found a good agreement.
Although water associated with organics accounted for 35% the total LWC, it is fairly
accurate to predict particle pH only by water associated with inorganics, expecting a minor
bias of 0.15 to 0.23 for the conditions investigated. In the southeastern (SE) U.S., pH was
found in a range of 0.5 to 2 in the summer and 1 to 3 in the winter, showing that aerosols
were highly acidic throughout the year. Chapter 3 and 4 present the extended pH analysis
to the northeastern (NE) U.S. and the southwestern (SW) U.S., respectively. A vertical
profile of pH was shown for the first time that PM1 was highly acidic for altitudes up to
5000 m, with a pH of 0.77 £ 0.96 (x SD) in the NE US in winter. The PM1 pH, 1.9 + 0.5,
in the SW US was about one unit higher than the SE, 0.94 £+ 0.59, despite a similar
temperature (T) and relative humidity (RH) ranges, and likely caused by much higher total
nitrate concentrations relative to sulfate in the Los Angeles city (LA). The internally mixed
sea-salts between 1 and 2.5 pm sizes further increase PM2s in LA t0 2.7 £ 0.3. HNO3-NO3"
partitioning, LWC, and pH are found to be inter-related in complex ways and can only be
captured and resolved with a thermodynamic model. Chapter 5 presents a sensitivity
analysis of PM2s pH to sulfate and ammonia based on the historical 70% SO4?* reduction
in the SE US from 1998 to 2013. On contrary to the common expectations that aerosols are
becoming more neutral and ammonium nitrate will replace ammonium sulfate as the
dominant inorganics, we found nearly constant pH (~1) throughout the last 15 years and
no increasing sign of ammonium nitrate. Chapter 6 focuses on the roles of nonvolatile
cations (NVC) on model-predicted ammonium-sulfate molar ratio and pH. We found the
error in molar ratio prediction is positively correlated with NVC and not organic aerosol,

therefore, challenged the postulated ability of organic films to prevent ammonia from



achieving gas-particle equilibrium. We also found that inclusion of NVC resulted in
predicted molar ratio agreeable to the 15 years observed decreasing trend as shown in
Chapter 5, and the conclusion of consistently strong aerosol acidity despite large sulfate
reduction remained robust. Chapter 7 presents a sensitivity analysis of pH to ammonia for
a wide range of ammonia and various locations in U.S. and China. We showed that for a
given set of meteorological conditions (T and RH), roughly a 10-fold decrease in NH3
concentrations is required to drop pH levels by one unit, revealing an inherent consistency
between vastly different aerosol systems. Most importantly, the China haze aerosol pH was
found below 5, under the condition it is unlikely that NO.-mediated oxidation of SO is a

major sulfate formation route. Chapter 8 talks about future work following the thesis work.

Some companion works that are not included in the thesis but closely relevant to the topic
of pH and pH affected aerosol properties are introduced here briefly. Utilizing the pH and
LWC presented in Chapter 2, Xu et al. [2015a] found that isoprene derived organic aerosol
(Isoprene-OA, 18-36% of OA) in the SE US was not limited by acidity or water, but rather
linearly correlated with aerosol sulfate (R = 0.77), since sulfate provides both adequate H*
and water required in isoprene aqueous phase oxidation. Therefore, controlling sulfate also
benefits from reducing Isoprene-OA in the SE US. Further evidence was found as enhanced
Isoprene-OA formation in sulfur-rich power plant plumes [Xu et al., 2016]. Fang et al.
[2017] presented a size-resolved pH analysis and hypothesized a possible link between
sulfate and particle oxidative potential (OP) through solubilizing TMIs. Fine particles were
found to be SO.%-rich with pH generally below 2 and coarse particles (aerodynamic
diameters ranging from 2.5 to 10 um) with pH approaching 7 (neutrality) as size increases.

Soluble metals and OP peaked at the intersection of the two particle modes and suggested



that sulfate played a key role in producing highly acidic fine particles capable of dissolving

primary TMIs that contribute to aerosol OP.
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CHAPTER 2. FINE PARTICLE WATER AND PH IN THE

SOUTHEASTERN UNITED STATES

2.1 Abstract

Particle water and pH are predicted using meteorological observations (RH, T), gas/particle
composition and thermodynamic modeling (ISORROPIA-II). A comprehensive
uncertainty analysis is included, and the model is validated. We investigate mass
concentrations of particle water and related particle pH for ambient fine mode aerosols
sampled in a relatively remote Alabama forest during the Southern Oxidant and Aerosol
Study (SOAS) in summer and at various sites in the southeastern U.S. during different
seasons, as part of the Southeastern Center for Air Pollution and Epidemiology (SCAPE)
study. Particle water and pH are closely linked; pH is a measure of the particle H" aqueous
concentration and depends on both the presence of ions and amount of particle liquid water.
Levels of particle water, in-turn, are determined through water uptake by both the ionic
species and organic compounds. Thermodynamic calculations based on measured ion
concentrations can predict both pH and liquid water but may be biased since contributions
of organic species to liquid water are not considered. In this study, contributions of both
the inorganic and organic fractions to aerosol liquid water were considered and predictions
were in good agreement with measured liquid water based on differences in ambient and
dry light scattering coefficients (prediction vs. measurement: slope = 0.91, intercept = 0.46
ug m3, R2 = 0.75). ISORROPIA-II predictions were confirmed by good agreement
between predicted and measured ammonia concentrations (slope = 1.07, intercept = —0.12
pg m=3, R? = 0.76). Based on this study, organic species on average contributed 35% to the

total water, with a substantially higher contribution (50%) at night. However, not including
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contributions of organic water had a minor effect on pH (changes pH by 0.15 to 0.23 units),
suggesting that predicted pH without consideration of organic water could be sufficient for
the purposes of aqueous SOA chemistry. The mean pH predicted in the Alabama forest
(SOAS) was 0.94 £ 0.59 (median 0.93). pH diurnal trends followed liquid water and were
driven mainly by variability in RH; during SOAS nighttime pH was near 1.5, while daytime
pH was near 0.5. pH ranged from 0.5 to 2 in summer and 1 to 3 in the winter at other sites.
The systematically low pH levels in the southeast may have important ramifications, such
as significantly influencing acid-catalyzed reactions, gas-aerosol partitioning, and
mobilization of redox metals and minerals. Particle ion balances or molar ratios, often used
to infer pH, do not consider the dissociation state of individual ions or particle liquid water

levels and do not correlate with particle pH.

2.2 Introduction

The concentration of the hydronium ion (H") in aqueous aerosols, or pH, is an important
aerosol property that drives many processes related to particle composition and gas-aerosol
partitioning [Jang et al., 2002; Meskhidze et al., 2003; Gao et al., 2004; linuma et al., 2004;
Tolocka et al., 2004; Edney et al., 2005; Czoschke and Jang, 2006; Kleindienst et al., 2006;
Surratt et al., 2007; Eddingsaas et al., 2010; Surratt et al., 2010]. Measurement of pH is
highly challenging and so indirect proxies are often used to represent particle acidity. The
most common is an ion balance: the charge balance of measurable cations and anions
(excluding the hydronium ion). Although correlated with an acidic (net negative balance)
or alkaline (net positive balance) aerosol [Surratt et al., 2007; Tanner et al., 2009; Pathak
et al., 2011; Yin et al., 2014], an ion balance cannot be used as a measure of the aerosol
+

concentration of H* in air (i.e., moles H* per volume of air, denoted hereafter as H,;,.).

This is due to two factors, first, an ion balance assumes all ions are completely dissociated,
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but multiple forms are possible, depending on pH (e.g., sulfate can be in the form of H2SO4,
HSO4, or SO4%). Secondly, pH depends on the particle liquid water content (LWC), as pH
is the concentration of H* in an aqueous solution. LWC can vary considerably over the
course of a day and between seasons significantly influencing pH [Seinfeld and Pandis,
2006]. Aerosol thermodynamic models, such as ISORROPIA-II [Nenes et al., 1998;
Fountoukis and Nenes, 2007] and E-AIM [Clegg et al., 1998], are able to calculate LWC
and particle pH, based on concentrations of various aerosol species, temperature (T), and
relative humidity (RH) and offer a more rigorous approach to obtain aerosol pH [Pye et al.,
2013]. ISORROPIA-II calculates the composition and phase state of an NH4*-S04>-NO3"
-CI-Na*-Ca%*-K*-Mg?**-water inorganic aerosol in thermodynamic equilibrium with water
vapor and gas phase precursors. The model has been tested with ambient data to predict
acidic or basic compounds, such as NHs, NH4", and NOs™ [Meskhidze et al., 2003; Nowak

et al., 2006; Fountoukis et al., 2009; Hennigan et al., 2015].

LWC is a function of RH, particle concentration and composition, and is the most abundant
particle-phase species in the atmosphere, at least 2-3 times the total aerosol dry mass on a
global average [Pilinis et al., 1995; Liao and Seinfeld, 2005]. At 90% RH, the scattering
cross-section of an ammonium sulfate particle can increase by a factor of five or more
above that of the dry particle, due to large increases in size from water uptake [Malm and
Day, 2001]. Because of this, LWC is the most important contributor to direct radiative
cooling by aerosols [Pilinis et al., 1995], currently thought to be -0.45 W m2 (-0.95 W m"
2 t0 +0.05 W m) [IPCC, 2013]. LWC plays a large role in secondary aerosol formation
for inorganic and possibly organic species by providing a large aqueous surface for
increased gas uptake and a liquid phase where aqueous phase chemical reactions can result
in products of lower vapor pressures than the absorbed gases [Ervens et al., 2011; Nguyen

et al., 2013]. In the eastern U.S., it has been suggested that the potential for organic gases
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to partition to LWC is greater than the potential to partition to particle-phase organic matter
[Carlton and Turpin, 2013], and partitioning of water soluble organic carbon (WSOC) into
the particle phase becomes stronger as RH (i.e., LWC) increases [Hennigan et al., 2008a].
Thus LWC enhances particle scattering effects directly by increasing particle cross sections
[Nemesure et al., 1995] and indirectly by promoting secondary aerosol formation [Ervens

et al., 2011; Nguyen et al., 2013].

The behavior of inorganic salts under variable RH is well established both experimentally
and theoretically. It is known that dry inorganic salts (or mixtures thereof) exhibit a phase
change, called deliquescence, when exposed to RH above a characteristic value. During
deliquescence, the dry aerosol spontaneously transforms (at least partially) into an aqueous
solution [Tang, 1976; Wexler and Seinfeld, 1991; Tang and Munkelwitz, 1993]. In contrast,
due to its chemical complexity that evolves with atmospheric aging, the relationship of
organics to LWC is not well characterized and requires a parameterized approach [Petters
and Kreidenweis, 2007]. Relationships between volatility, oxidation level, and
hygroscopicity are not always straightforward and still remain to be fully understood
[Froschetal., 2011; Villani et al., 2013; Cerully et al., 2015; Hildebrandt Ruiz et al., 2015].
Despite the abundance and importance of LWC, it is not routinely measured. Thus
typically, particle total mass concentration (that includes liquid water) is often not
characterized. In general, LWC is measured by perturbing the in situ RH. The loss of
particle volume when RH is lowered is assumed to be solely due to evaporated water.
Approaches for LWC measurements are classified into single particle size probes and bulk
size quantification [Sorooshian et al., 2008]. Single size particle probes provide more
information (i.e., size resolved hygroscopic growth) and usually tend to be slow due to

whole size range scanning. In contrast, bulk size measurements quantify the total water
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amount directly. The LWC measurement presented in this paper by nephelometers is a bulk

measurement.

As part of the Southern Oxidant and Aerosol Study (SOAS), we made detailed
measurements of particle organic and inorganic composition [Xu et al., 2015a], aerosol
hygroscopicity [Cerully et al., 2015], and indirect measurements of particle LWC. These
data are used to first determine the particle water mass concentrations, which are then
utilized in a thermodynamic model for predicting pH. The fine particle LWC and pH data
from this analysis are used in our other studies of secondary aerosol formation as part of
SOAS and discussed in companion papers to this work [Cerully et al., 2015; Xu et al.,
2015a].

2.3 Data collection

2.3.1 Measurement sites

Aerosol measurements were conducted at the Southeastern Aerosol Research and
Characterization (SEARCH) Centreville site (CTR; 32.90289 N, 87.24968 W, altitude: 126
m), located in Brent, Alabama, as part of SOAS (Southern Oxidant and Aerosol Study)
(http://soas2013.rutgers.edu). SOAS ground measurements were made from June 1 to July
15 in the summer of 2013. CTR is a rural site within a large forested region dominated by
biogenic volatile organic compound (VOC) emissions, with minor local anthropogenic
emissions and some plumes transported from other locations (coal-fired electrical
generating units, urban emissions, biomass burning, mineral dust). It is representative of

background conditions in the southeastern U.S. and chosen to investigate biogenic
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secondary organic aerosol (SOA) formation and its interaction with anthropogenic

pollution transported from other locations.

Additional measurements were also made at various sampling sites in and around the

metropolitan Atlanta region from May 2012 to December 2012 as part of a large health

study; the Southeastern Center for Air Pollution and Epidemiology (SCAPE). A map of all

five sites is shown in Figure 2-1. The SCAPE measurement sites include:

A road-side (RS) site (33.775602 N, 84.390957 W), situated within 5m from the
interstate highway (175/85) in midtown Atlanta and chosen to capture fresh traffic
emissions;

A near-road site (GIT site, 33.779125 N, 84.395797 W), located on the rooftop of
the Ford Environmental Science and Technology (EST) building at Georgia
Institute of Technology (GIT), Atlanta, roughly 30 to 40 m above ground level, 840
m from the RS site;

Jefferson Street (JST) (33.777501 N, 84.416667 W), a central SEARCH site
representative of the Atlanta urban environment, located approximately 2000 m
west of the GIT site;

Yorkville (YRK) (33.928528 N, 85.045483 W), the rural SEARCH pair of JST,
situated in an agricultural region approximately 70 km west from the JST, GIT and

RS sites.

More information on the SEARCH sites can be found elsewhere [Hansen et al., 2003;

Hansen et al., 2006]. We first focus on the SOAS campaign data, where wide range of

instrumentation was deployed (http://soas2013.rutgers.edu) to develop a comprehensive

method of predicting LWC and pH, as well as assessing their uncertainties. The approach
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is then applied to the SCAPE site data to provide a broader spatial and temporal assessment

of PM2s pH in the southeastern US.
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Figure 2-1 Sampling sites in the southeastern U.S., consisting of two rural and three urban
sites.

2.3.2 Instrumentation

2.3.2.1 PILS-IC

PM250r PMy (particles with aerodynamic diameters < 2.5 or 1.0 um at ambient conditions)
water soluble ions were measured by a Particle-Into-Liquid-Sampler coupled to an lon
Chromatograph (PILS-1C; Metrohm 761 Compact IC). Similar setups are described in
previous field studies [Orsini et al., 2003; Liu et al., 2012]. Metrosep A Supp-5, 150/4.0

anion column and C 4, 150/4.0 cation column (Metrohm U.S., Riverside, FL) were used to
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separate the PILS liquid sample anions (sulfate, nitrate, chloride, oxalate, acetate, formate)
and cations (ammonium, sodium, potassium, calcium, magnesium) at a 20 min duty cycle.
The PILS sample ambient air flow rate was 16.8 = 0.4 L min™t. URG (Chapel Hill, North
Carolina) cyclones were used to provide PM cut sizes of PM2s for the 1% half of field study
(June 1 to June 22) and PM; for the latter half (June 23 to July 15). Honeycomb acid
(phosphoric acid)- and base (sodium carbonate)-coated denuders removed interfering gases
before entering the PILS. The sample inlet was ~7 m above ground level and ~4 m long.
The sampling line was insulated inside the trailer (typical indoor T was 25 °C) and less
than 1m in length to minimize possible changes in aerosol composition prior to
measurement. Periodic 1-hr blank measurements were made every day by placing a High
Efficiency Particulate-Free Air (HEPA) filter (Pall Corp.) on the cyclone inlet. All data

were blank corrected. The PILS-IC was only deployed for the SOAS study.

2.3.2.2 AMS

A High-Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-ToF-AMS, Aerodyne
Research Inc., hereafter referred to as “AMS”) provided real time, quantitative
measurements of the non-refractory components of submicron aerosols [DeCarlo et al.,
2006; Canagaratna et al., 2007]. In brief, particles were first dried (RH < 20%) and then
immediately sampled through an aerodynamic lens into the high vacuum region of the mass
spectrometer, then transmitted into a detection chamber where particles impact on a hot
surface (600°C). Non-refractory species are flash vaporized and then ionized by 70 eV

electron impact ionization. The generated ions are extracted into the time-of-flight mass
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spectrometer. Further details on the AMS setup and data processing can be found in Xu et

al. [2015a].

2.3.2.3 CCNc

The particle hygroscopic parameter, k [Petters and Kreidenweis, 2007], used to infer the
hygroscopic properties (liquid water associated with organics), was obtained from size-
resolved CCN measurements from a Droplet Measurement Technologies Continuous-Flow
Streamwise Thermal Gradient Cloud Condensation Nuclei counter (CFSTGC, referred to
hereafter as CCNc) [Roberts and Nenes, 2005; Lance et al., 2006]. The CCNc exposes
aerosols to a known supersaturation, then counts the activated particles that grow rapidly
to droplet size. Theory can be used to parameterize the water phase properties (here,
expressed by «; [Petters and Kreidenweis, 2007]) of the organic aerosol, based on the size
of particles that form CCN and their composition. A URG PM; cyclone was installed for
both AMS and CCNc. The details of the CCNc setup and data analysis procedure can be

found in Cerully et al. [2014].

2.3.2.4 Ambient vs Dry Nephelometers

PM:s (URG cyclones) aerosol light scattering coefficients (a5,,) were measured online with
two different nephelometers (Radiance Research M903) to infer LWC. Both were operated
at nominally 3 L min™. Particle dry scattering was measured with a nephelometer located
in the air-conditioned sampling trailer operated with a nafion dryer upstream that
maintained an RH of 31.5 £ 1.9 % (study mean + SD, n = 12464 based on 5-min averages).

The other was situated in a small white 3-sided wooden shelter (one side covered by a loose
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tarp) located a distance away from all buildings to provide a scattering measurement at
ambient T and RH. Both PM25s cut cyclones were in ambient conditions, and both
nephelometers were calibrated by CO prior to the SOAS field campaign. Typical
uncertainty is 3% for scattering coefficients [Mitchell et al., 2009]. In addition, the
nephelometer RH sensors were calibrated by placing the sensors in a closed container
above agqueous saturated salt solutions that had reached equilibrium (measurements made
in a thermally insulated container after a period of a few hours). Solution temperatures
were monitored. Details on the calibration results are provided in the supporting materials

A.1. Recorded RH was corrected by the calibration results.
2.3.3 Determining LWC from nephelometers

Particle water was inferred from the ratio of ambient and dry PM2 5 scattering coefficients

(0sp) measured by the two nephelometers (defined here as aerosol hygroscopic growth

factor, f(RH) = 0spambient) / Ospary) » Where Ogpambienty and gspary) are particle
scattering coefficients at ambient and dry RH conditions, respectively) following the
method developed by other investigators [Carrico et al., 1998; Kotchenruther and Hobbs,
1998; Carrico et al., 2000; Malm and Day, 2001; Sheridan et al., 2002; Magi and Hobbs,
2003; Kim et al., 2006]. A difference between ambient and dry scattering coefficients is
assumed to be caused solely by loss of water. Detailed derivations are provided in the
supporting materials A.2. f(RH) is related to the particle scattering efficiencies (Qs) and

average particle diameter (D_p) by;

Dp,amblent = Dp,dry\/f(RH) Qs,dry/Qs,amblent (2'1)
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Qs,ambient: Dp,ambient are the average scattering efficiency and average particle diameter
under ambient conditions, while Qg 4y, Dy ary represent dry conditions. The method is

based on fine particle light scattering being mostly due to particles in the accumulation

mode and can be related to scattering efficiencies and the diameter of average surface, for

both ambient and dry particle size distributions. Assuming Qs gmpient = @sary (S€€

supporting materials A.2 for justification and uncertainty analysis), it follows that

Dp,amblent = Dp,dry\/ f(RH) (2-2)

Since the LWC is equal to the difference between ambient and dry particle volume, we get

f(RH)_water = [f(RH)'® — 1lm,p,,/pp (2-3)
where m,, and p, are dry particle mass and density, respectively; p,, is water density
(constant 1 g cm is applied). For SOAS, dry PM2s mass concentrations were measured
continuously by a TEOM (tapered element oscillating microbalance, 1400a, Thermo Fisher
Scientific Inc., operated by Atmospheric Research & Analysis Inc., referred to hereafter as
ARA). Particle density, p,,, was computed from the particle composition, including AMS
total organics, ammonium, and sulfate, which accounted for 90% of the measured PM_s
(TEOM) dry mass (SOAS study mean). A typical organic density 1.4 g cm™ is assumed
[Turpin and Lim, 2001; King et al., 2007; Engelhart et al., 2008; Kuwata et al., 2012;
Cerully et al., 2014], and the density of ammonium sulfate is assumed to be 1.77 g cm™
[Sloane et al., 1991; Stein et al., 1994]. p, was calculated to be 1.49 + 0.04 g cm3 (n =

4,393) using mass fractions (&) to dry particle mass:

1
P et es0r-/ LT7 + €0rg /1.4 (2-4)
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The time-resolved composition data shows that dry particle density did not have a
significant diurnal variability (x 2.7%, SD/mean, Figure A-2). In the following we refer to

the particle water calculated by this method as f(RH)_water. The uncertainty of f(RH

)_water is estimated to be 15%, mainly caused by the calculation of Qg ampient/Qsary

(LWC error of 10% from assuming Qs gmpient/@s,ary = 1, S€€ supporting materials A.2),
my, (10%), 0spambient)/Osp(ary) (4.2%) (uncertainty for a single o, measurement is 3%,
Mitchell et al. [2009]), and p,, (2.7%). Note that LWC error depends on RH, and for SOAS

average composition aerosol could increase to 21% for RH > 90% (supporting materials

Figure A-6).

The deployment status of the above instruments at the SOAS and SCAPE sites are

summarized in Table 2-1.

Table 2-1 Deployment status of instruments at various sites. All the listed instruments or
probes were operated at CTR for SOAS.

Site Period (mmyyyy) PILS-IC AMS CCNc Nephelometer TEOM RH&T

JST May&Nov 2012 No Yes No No Yes Yes
YRK July&Dec 2012 No Yes No No Yes Yes
GIT July-Aug 2012 No Yes No No Yes Yes
RS Sept 2012 No Yes No No Yes Yes
CTR June-July 2013 Yes Yes Yes Yes Yes Yes

2.4 Modeling methods: Predicting LWC and pH from aerosol composition
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In most studies, such as SCAPE, particle water was not measured and must be determined
based on aerosol composition. Both inorganic and organic components contribute to uptake
of water vapor, establishing equilibrium for the ambient RH and T conditions. Thus, LWC
is controlled by meteorological conditions and by aerosol concentration and composition.
Thermodynamic models, such as ISORROPIA-II, have been extensively used to predict
LWC due to inorganic aerosol components [Fountoukis and Nenes, 2007]. Contributions
to LWC by organic components are typically based on an aerosol hygroscopicity
parameter, k, which is determined by CCN data. Here we refer to particle water associated
with inorganics and organics as W; and W, respectively. Total particle water (W; + W,) is
taken as the sum of water associated with individual aerosol chemical components (sum of
ions and lumped organics) based on Zdanovskii-Stokes-Robinson (ZSR) relationship
[Zdanovskii, 1936; Stokes and Robinson, 1966], with the assumption that the particles are

internally mixed.

2.4.1 LWC from inorganic species

Particle water associated with inorganic species (W;) were predicted by ISORROPIA-II
[Nenes et al., 1998; Fountoukis and Nenes, 2007]. ISORROPIA-II calculates the
composition and phase state of a K*-Ca?*-Mg?*-NH4*-Na*-S04*-NOs-Cl-water inorganic
aerosol in thermodynamic equilibrium with gas phase precursors. Chemical and
meteorological data are necessary inputs. For our analysis at CTR, the inputs to
ISORROPIA-II are the inorganic ions measured by the IC or AMS, RH measured by the

outside nephelometer, and temperature from the SEARCH site (ARA) meteorological data.
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2.4.2 LWC from organic fraction

To determine the contributions to particle water by W, , in SOAS the organic
hygroscopicity parameter (x,,,) was calculated based on the observed CCN activities of
the organic fraction [Cerully et al., 2015]. In the following analysis, diurnal three-hour
running averages are used in the calculation. (Diurnal plot is included in Figure A-7). W,
is calculated using the following equation [Petters and Kreidenweis, 2007].

W — mOTng Korg
? porg (1/RH - 1)

where m,,, is the organic mass concentration from AMS [Xu et al., 2015a], p,, is water

(2-5)

density, and a typical organic density (p,,4) 0f 1.4 g cm is used [Turpin and Lim, 2001;

King et al., 2007; Engelhart et al., 2008; Kuwata et al., 2012; Cerully et al., 2014].
2.4.3 pH prediction

The thermodynamic model, ISORROPIA-II [Fountoukis and Nenes, 2007], calculates the

equilibrium particle hydronium ion concentration per volume air (H.;,.), which along with

the LWC is then used to predict particle pH. To correct for the LWC associated with the

organic aerosol (not considered in ISORROPIA-II), we recalculate pH by considering H.;,.

and total predicted water (W; and W,). The modeled concentrations are ug m= air for H};,.

and LWC. The pH is then,

1000H,;, (26

pH = —logyo Hay = — IOng

where Hz, (mol L1) is hydronium concentration in an aqueous solution.
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ISORROPIA-II has been tested in previous field campaigns where a suite of both gas and
particle components were measured [Nowak et al., 2006; Fountoukis et al., 2009]. The
model was able to predict the equilibrium partitioning of ammonia [Nowak et al., 2006] in
Atlanta and nitric acid [Fountoukis et al., 2009] in Mexico City within measurement
uncertainty. For instance, NHs, NH4*, HNOs, and NO3™ were within 10%, 20%, 80%, and
20% of measurements [Fountoukis et al., 2009]. In this study, ISORROPIA-II was run in
the forward mode for metastable aerosol. Forward mode calculates the equilibrium
partitioning given the total concentration of various species (gas + particle) together with
RH and T as input. Reverse mode involves predicting the thermodynamic composition
based only on the aerosol composition. Here we use the forward mode with just aerosol
phase data input because it is less sensitive to measurement error than the reverse mode
[Hennigan et al., 2015]. The W; prediction remains the same (reverse vs forward: slope =
0.993, intercept = —0.005, and R? = 0.99) no matter which approach is used. Gas phase
input does have an important impact on the H_;, calculation. ISORROPIA-II was tested
with ammonia partitioning, which is discussed in more detail below. Here it is noted that
we found that further constraining ISORROPIA-11 with measured NHs [You et al., 2014a]
resulted in a pH increase of 0.8 at CTR and that the predicted NH3z matched the measured
NHs well (slope = 1.07, intercept = -0.12 ug m3, R? = 0.76). This also confirms that
ISORROPIA-II predicts the pH in the ambient aerosol with reasonable accuracy, as
inputting the total (gas + aerosol) ammonium results in predictions that agree with those

observed. This is also in agreement with findings of Hennigan et al. [2015] and Fountoukis
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et al. [2009], both of whom found that ISORROPIA-II reproduced the partitioning of

ammonia and inorganic nitrate in Mexico City during the MILARGO campaign.

2.4.4 Assumptions

In the following analysis, we use bulk properties and do not consider variability in
parameters with particle size. Particulate organic and inorganic species are assumed to be
internally mixed in the liquid phase due to the high RH (73.8 = 16.1%) typical of this study
and because a large fraction of the ambient aerosol organic component is from isoprene
SOA [Xu et al., 2015a], which are liquids at RH > 60% [Song et al., 2015]. Particle liquid
phase separations are not considered, although they have been measured in bulk extracts
of aerosols from the southeast [You et al., 2012]. It is reported that liquid-liquid phase
separation can occur when the O:C ratio of the organic material is < 0.5. More experiments
showed that it is possible to have phase separation for O:C < 0.7, but not for O:C > 0.8
[Bertram et al., 2011; Song et al., 2012; You et al., 2013]. SOAS average O:C = 0.75 (x
0.12) is in the transition between these two regimes. According to Figure 2 in Bertram et
al. [2011], at RH typically > 60% and organic:sulfate mass ratio >1, it is not possible to
have phase separation, which is the case for our sampling sites. Based on our basic
assumption of no liquid-liquid phase separation, pH is homogeneous in a single particle.

However, separated phases would likely have different pH if liquid-liquid phase separation

occurs. In that case, pH should be calculated based on the amounts of water and H},. in
each phase. Gas-particle partitioning will change according, due to these separated phases.
There are models that are set up to calculate these thermodynamics (e.g., AIOMFAC), but

none is yet able to address the compositional complexity of ambient SOA [Zuend et al.,
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2010; Zuend and Seinfeld, 2012]. Although it is often true that non-ideal interactions
between organic and inorganic species exist, good agreement between measured particle
water and ammonia partitioning to predictions using the bulk properties (discussed below)

suggests these assumptions are reasonable.

2.5 Results

2.5.1 Summary of meteorology and PM composition at SOAS and SCAPE sites

For the SOAS study period, mean T and RH were 24.7 £ 3.3 °C and 73.8 £ 16.1% (mean *
SD), respectively. This resulted in a f(RH)_water level of 4.52 + 3.75 ug m3, with a
maximum value of 28.41 pg m3. In comparison, SOAS mean dry PM2s mass was 7.72 +
4.61 pg m3, implying that the fine aerosols were roughly composed of 37% water, on
average. Mean T and RH for SCAPE sites are listed in Table 2-3. Summer T means were
all above 21°C, including CTR. RH means were all high (> 60%) for summer and winter,

which is typical for the southeastern US.

Of the sites in the southeastern US discussed in this paper, CTR was the least influenced
by anthropogenic emissions having the lowest black carbon (BC) concentrations (measured
by a MAAP, Thermo Scientific, model 5012). At CTR, the mean BC = 0.26 + 0.21 pug m™
(+ SD), whereas mean BC concentrations at the other rural site (YRK) was 0.36 pug m™.
The representative Atlanta site (JST) BC was on average 0.71 pug m, and higher for sites

closer to roadways, 0.96 pg m= (GIT) and 1.96 pg m= (RS).
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A more comprehensive suite of ions will provide a better prediction of W;. However, in the
southeastern US, inorganic ions are currently dominated by sulfate and ammonium. During
SOAS, the PILS-IC provided a more comprehensive and accurate measurement of water-
soluble ions than AMS, which measured only non-refractory sulfate, ammonium, nitrate,
and chloride. Refractory, but water soluble ions, such as sodium and associated chloride,
and crustal elements including calcium, potassium, and magnesium were present in PMy,
but in very low concentrations. Contributions of these ions are more important in PM2s
than for PM1, which tend to reduce aerosol acidity. For instance, Na* has a significantly
higher mean in PMzsat 0.056 g m (the 1%t half of SOAS study) than 0.001 pug m=in PM;
(the 2" half of SOAS study). Four, one day-long, dust events (June 12, 13, 16, and 21) in
the SOAS data set have been excluded from this analysis as assumptions relating to internal
mixing of PM2s components are less valid in these cases. Excluding these days, the mean

Na* in PM2s drops to 0.024 pg m=,

If the fraction of the refractory ions (e.g., Na*, K*, Ca?*, Mg?*) is negligible compared to
the SO4 (Note, SO4 stands for sulfate in all its possible forms, from free to completely
dissociated), NH4", and NOs’, the AMS data sufficiently constrains particle composition
for thermodynamic calculations; this apparently is the case for most of the time in the
southeast (supporting materials A.4). For PM1 SO4 and NH4*, AMS and PILS-IC were in
good agreement (SO4 slopes within 20 %, R? = 0.90; NH4" within 1%, R? = 0.81). Similar
agreement was also found for AMS PM; SOs and NH4" versus PILS-IC PM.5s SO4 and
NH.*. (See Figure 2-2 for comparison of complete data set). These data indicate little SO4
and NH4" between the 1.0 and 2.5 um size range (PM2s — PM1). Because of the agreement
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between these dominant ions, ISORROPIA-II predicted W; for all ions measured with the
PILS-IC throughout the study (includes both PM: and PM2s) agreed with W; based on
AMS inorganic species (i.e., only ammonium and sulfate) having an orthogonal slope of

1.18, Figure 2-2c.
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Figure 2-2 Comparisons of PM1 AMS sulfate, ammonium to PM1 and PM2s PILS-IC (i.e.
complete SOAS study) and predicted W;. Orthogonal distance regression (ODR) fits were
applied.

2.5.2 Results from the SOAS Centreville site

2.5.2.1 LWC, pH, and ion balances at Centreville

The diurnal variation of LWC contributed by W; and W,,, along with total measured water,
ambient T, RH, and solar radiation at CTR is shown in Figure 2-3. Predicted and measured
LWC trends were in good overall agreement, although the largest discrepancy was
observed during the daytime when the LWC level was low and more difficult to measure
and accurately predict. Nighttime RH median values were between 85% and 90% and

resulted in significant water uptake that reached a peak just after sunrise near 7:30 am (local
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time). The dramatic peak in LWC starting at roughly 5:00 am, reaching a maximum
between 7:30 and 8:00 am is likely due to RH increasing above 90%, at which point uptake
of water rapidly increases with increasing RH. The similar rapid hygroscopic growth before
sunrise was also observed at GIT, RS, and JST (Nov) (Figure 2-11). After sunrise, rising
temperatures led to a rapid drop in RH, resulting in rapid loss of particle water. LWC
reached lowest levels in the afternoon ~2 pg m=3, only 20% of the peak value. W, varied

more than W; diurnally; W, max/min ratio was 13.1 compared to 4.1 for W;.
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Figure 2-3 CTR (SOAS) diurnal profiles of predicted and measured water, measured RH,
T, and solar radiation. Median hourly averages are shown and standard errors are plotted
as error bars.

At CTR, the aerosol was highly acidic, with predicted mean pH = 0.94 + 0.59 (x SD). The

minimum and maximum pH were -0.94 and 2.23 respectively, and pH varied by
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approximately 1 on average throughout the day (Figure 2-4a). That is, the H,./LWC ratio

air
increased by a factor of 10 from night to day. LWC max/min ratio was 5, whereas H_;,
diurnal variation was significantly less (Figure 2-4b), indicating that the diurnal pattern in
pH was mainly driven by particle water dilution. This is further demonstrated in Figure
2-4d, which shows the diurnal variation in the NH4"/SO+%* molar ratio (the main ions
driving pH), with only slightly lower ratios during the day. The study mean (£ SD)
NH4*/SO4% molar ratio was 1.4 (+ 0.5). As LWC is mainly controlled by RH and

temperature, the pH diurnal variation was thus largely driven by meteorological conditions,

not aerosol composition.
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Figure 2-4 CTR (SOAS) diurnal patterns of calculated pH based on total predicted water
(W; + W,) (a), H},, predicted by ISORROPIA-II (b), ion balance (c), and NH4*/SOs*
molar ratio (d). Mean and median values are shown, together with 25% and 75% quantiles
marked as non-filled circles.

In part, because of the diurnal variation of LWC, a simple ion balance or NH4*/SO4? molar
ratio or per volume air concentration of aerosol hydronium ion (H_;,.) alone cannot be used
as a proxy for pH in the particle. Figure 2-5a shows a weak inverse correlation (R? = 0.36)
between ion balance and pH. An ion balance of an aerosol is usually calculated as follows

(in unit of nmol equivalence m=), for a NH4*-Na*-S04*-NOs-Cl-water inorganic aerosol.

[S037], INO3]  [CIT] _[NH{] _[Na']

2-7
48 62 +35.5 18 23 @)

Ion Balance =

where [SO37], [NO3], [CI7], [NHZ], and [Na*] are concentrations of these ions in units of
ng m= (per volume of air). An ion balance is also a bad indicator of pH because it poorly
predicts the aerosol concentration of H;... An ion balance assumes all ions are completely
dissociated, but multiple forms are possible, depending on pH (e.g., sulfate can be in the
form of H2S04, HSO4, or SO4%). For example, if aerosol sulfate remains in the free form

of H2SOs, it doesn’t add protons. Thus, an ion balance usually overestimates protons and

is only moderately correlated with H_;,. (Figure 2-5b).
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Figure 2-5 Comparison of ion balance to pH (a) and to H;,. (b) at CTR (SOAS). ODR fits
were applied.

2.5.2.2 LWC uncertainty:

In estimating the water uncertainty, we consider W; and W, separately. The uncertainty of
W; is estimated by propagating the measurement uncertainty of ions and RH through the
ISORROPIA-II thermodynamic model by finite perturbations about the model base state.
Uncertainties of ions were estimated by difference between IC-ions and AMS-ions, as well
as PILS-IC measurement uncertainty (Table 2-2). Na" is excluded because it is not
measured by the AMS. PILS-IC instrumental uncertainty is estimated to be 15% from the
variability in standards (variability is calibration slopes), blanks, sample airflow rate, and
liquid flow rate (one SD). The total ion uncertainties are listed in Table 2-2. SO4 has a
higher uncertainty, at 25%, than the rest, which are at 15%. These combined uncertainties

lead to an W; uncertainty of 25% (Figure 2-6), which is the same as the SO4 uncertainty.
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S04, one of the most hygroscopic ions [Petters and Kreidenweis, 2007], controls W;

uptake.
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Figure 2-6 W; based on artificially perturbed ion data at upper and lower uncertainty limits
is compared to W, at base level. The slopes indicate the W; uncertainty caused by ions.

For the SOAS study, the RH probe in the ambient nephelometer (Humitter 50U, VAISALA
Inc.) has a stated maximum uncertainty of 5% at RH = 90%. RH biases with respect to
environment conditions can also occur due to placement of the probe. Based on RH
comparisons between ARA, Rutgers [Nguyen et al., 2014b], and the Georgia Tech
instrumentation, a systematic bias as large as 10% is found. Given this, we consider an RH
probe factory uncertainty (5%) as a typical value and inter-comparison difference (10%)
as an extreme condition. In this analysis, RH was adjusted by + 5% and = 10% and W; was

recalculated (Figure 2-7). A + 5% perturbation in RH leads to a 91% (slope — 1) error for
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5% perturbation above the measured value (1.05RH) and 29% error for a perturbation
below the measured value (0.95RH). We take 60% as average uncertainty. Higher
uncertainty is introduced with increasing RH, owning to the exponential growth of LWC
with RH and results in the asymmetric LWC uncertainty. Combining W; uncertainty from

ions (25%) and RH (60%), the overall uncertainty is calculated as 65%.

70

@ 1.05RH
60— | @ 0.95RH
® 0.90RH| ©

— fit 1.05RH R*=0.68
50 —— fit 0.95RH R*=0.95
—— fit 0.90RH R*=0.89

W, at perturbed RH, ug m>

(

T

0 5 10 15 20
Original W, ug m>

Figure 2-7 W; based on artificially perturbed RH at upper and lower uncertainty limits
compared to WW; at base level. 1.10RH (i.e., RH increased by 10%) is not plotted because it
results in much larger W; than the rest. Slopes and R? indicate corresponding W;
uncertainty caused by variability (uncertainty) in RH.

The uncertainty sources for W, are k,,4, ps, m,, and RH (Equation 2-5). The uncertainties
of these parameters are estimated to be 26% (details can be found in supporting materials
A.3), 10%, 20%, and 5% (from above), respectively. In summary, the overall uncertainty

of W, is 35%.
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The total uncertainty of LWC can be expressed as a sum of W; and W, uncertainties, where

g; Is the mass fraction. ¢y, and ¢, were found to be 36% and 64% of the total LWC.

Suwe LAY Sw, (
— i 0 2-8)
LWC \/ (SWL' w, ) T\ e

Given the above, % is 43%. This method of assessing predicted LWC uncertainty can

be applied to SCAPE sites as well. The specific predicted LWC at SCAPE sites were
calculated and are listed in Table 2-3. W; uncertainty associated with ions is the same as
noted above, 25%, because it is estimated by PILS-IC and AMS differences. Similar
uncertainties in W; at the SCAPE sites are expected if RH uncertainties are similar at all

sites.

2.5.2.3 pH uncertainty:

As pH is based on H;. and LWC, the uncertainty of pH can be estimated from these two
parameters. We applied the adjoint model of ISORROPIA, ANISORROPIA [Capps et al.,
2012], to quantify the sensitivity of predicted H;;, to the input aerosol species at the
conditions of the thermodynamic calculations. pH uncertainty resulting from aerosol
composition is then determined by propagating the input parameter uncertainties, using

ANISORROPIA sensitivities, to the corresponding H_;,- and pH uncertainty.

We now assess how pH of PM2 s is affected by using an incomplete measurement of ionic
species by comparing the pH predicted based on the more complete suite of ions measured
by the PILS-IC versus the AMS, during SOAS. Sensitivities of aerosol species to H;..

were calculated by ANISORROPIA with PILS-IC data and presented as partial derivatives
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(Table 2-2). Higher sensitivity values imply the inorganic ion is more important for H_,..
In the SOAS study, H_,,. is most sensitive to SO, and then NH4*, as they were the major
ions. Uncertainties of ions were estimated by the difference between IC-ions and AMS-
ions, as well as PILS-IC measurement uncertainty. Since Na* is not measured by AMS, we

cannot estimate the difference between PILS-IC and AMS. The loadings and sensitivities

8+
of NOs™ and CI were very low, so they are assumed not to contribute much to H“”‘ Given

air

8+
this, — —air js determined by;

6H;1r _ aH;lT 6504 2+ aH;lT (SNH4 2+ aH;lT 6Na+ ’ (2-9)
HY.. — J\aso, so, ONH; NH; dNa* Na*

air

6+
Based on the input for Equation 2-9 (Table 2-2), H“” is estimated as 14%. LWC is most

awr

sensitive to RH fluctuations, so it is considered the main driver of LWC uncertainty in the
pH calculation. As discussed, we artificially adjusted RH by + 5% and £ 10% (10% is
considered an extreme condition). H;., W;, W,, as well as pH were all recalculated using
90%, 95%, 105%, and 110% of the actual measured RH. RH + 5% and RH — 5% lead to
12% and 6% variation in pH based on orthogonal regression slopes, respectively (Figure
2-8). RH — 10% results in only 10% variation, however, RH + 10% results in a 45%
variation, and the coefficient of determination (R?) between pH calculated based on RH +
10% and original RH drops to only 0.78, while for all other cases R?> > 0.96. The
disproportionately large effect of the positive uncertainty is caused by the exponential

increase of LWC with RH, as RH reaches high levels (>90%). Assuming the stated
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manufacturer uncertainty (5%) for our RH uncertainty, pH uncertainty is estimated to be

6%-12%. We take 12% as aiII)/IV-IC S.w Tor further calculations.

Table 2-2 Sensitivity of H};, to ions from ANISORROPIA (2" row) and contribution to

uncertainty. Uncertainties of inorganic ions (ﬁ) are calculated based on a combination of
: . _ . 5
PILS-IC instrumental relative uncertainties (IC uncertainty, referred to as %n’c all

estimated to be 15%) and the difference between PILS-1C and AMS (W, defined

. 2
as the (slope — 1) in Figure 2-2a & b) (3" row), where ‘jf)"; = \/ (6“’"'”) +
(4" row). Contribution of uncertainty is the ratio of ion uncertainty over H

6+

%, calculated to be 14% by Equation 2-9) (5" row).

air

Ion

air

‘Slon,IC—AMS) 2
Ion
uncertainty

PILS-IC |0n SO4 NH4+ Na* NO3_ crl-
concentratio
n, ug m*
(mean + SD) 1.73+1.21 0.46 + 0.34 0.03+ 0.07 0.08 +0.08 0.02 +0.03
H+ ’aH;ir ‘aH;ir ’aH;ir ‘aH;ir ‘aH;ir
air + + - —
Sensitivity aso, ONHj ONa ONO; acl
(mean+SD) 0.51+0.34 0.32+0.31 0.19+0.27 0.002 £ 0.007 0.000+0
8s0,,1c—ams 5NH1,1C—AM5 Sna* 1c-ams Onos 1c-AaMs Sci- 1c-ams
S1on1c—aMs S0, -NH; Na* NOz Cl~
Ion
20.5% 1.5% N/A* fakad foll
8so0, 6NHI Ongt Snos &
Sron S0, -NHf Nat NO3 Ccl-
fon 25.4% 15.1% 15% 15% 15%
aHc-:-ir } 8504 aHt-zi-ir . SNHI aH:L—iT ) Ong* aHc-:-ir ) 6N03_ aH;ir Sci-
o 050,| SO, |0NHS| NH; [0Na*| Na* [ONO3| NO; |oCl~| Cl~
::olr_}tllbutlon —5H+_ e S+ 5+ O+
0 . —air __air —air, __lair air
u ncearltgl nty H(-ll-l"r H;—ir H;—i‘r‘ H;LT H(-ll-l"r
0.93 0.35 0.20 0.002 0.000

* Na* is not measured by AMS.
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CI are less than 5% of the total inorganic ion mass. As a result, their contributions to ;.
uncertainty are negligible.
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Figure 2-8 pH predictions by perturbing RH compared to pH at base level. W;, W,, and
H;, were recalculated based on + 5% and * 10% original RH to investigate pH
uncertainty. The slopes and R? indicate pH uncertainty caused by RH.

8+
S04 was found to contribute the most to —& “” . NH4* and Na* followed. SO4 and NH4* are

alT

the two most abundant inorganic components in aerosols and controlling aerosol acidity.
Finally, the total pH uncertainty is the combination of LWC and the uncertainty associated

with H},.., which is computed from the definition of pH (Equation 2-6).

5 opH ? [ OpH 2
Spn _ |( 9P ( P ) (2-10)
pH <aH;.r 6H$tr> *+\GLwe e
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where apf can be derived from Equation 2-6 as

air

opH 1 1 1 1 1
OHY,. 2303 H}Y, LWC  2303H}, (2-11)
LWC

From Equation 2-9 and the uncertainties of H;;,. and LWC (Equation 2-7 and 2-8), we
estimate the pH uncertainty for the SOAS dataset to be 13% (based on the specific

uncertainties considering here). pH uncertainties at SCAPE sites were also assessed via

6, +
this method. As discussed above, % was found to be 14% for the SOAS study, due to

IC and AMS data set differences and PILS-IC instrumental uncertainty. This same
uncertainty is applied to SCAPE, where no PILS-IC data were available. Because aerosol
composition at all sites is similar, based on filter IC analysis (Figure A-8, similar
sensitivities of H;,. to ions are expected. However, actual uncertainty for each sampling
period is possibly higher due to higher loadings of refractory ions at SCAPE sites due to
contributions from urban emissions. Refractory ions not measured by the AMS (i.e. Na*,
K*, Ca?*, Mg?"), have a minor effect on predicting LWC, but may have an important effect

on pH (e.qg., result in higher pH) in locations where they could substantially contribute to

the overall ion balance.

2.5.2.4 Model validation: Prediction of liquid water

Several LWC measurements were made at CTR during SOAS. In additionto f(RH)_water
(4.52 + 3.75 pg m?3), particle water was quantified with a Semivolatile Differential
Mobility Analyzer (SVDMA). With this method, a SOAS study mean particle water

concentration of 4.27 + 3.69 pug m= (+ SD) was obtained [Nguyen et al., 2014b]. The
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orthogonal regression between these two measurements (SVDMA water vs f(RH)_water)
has slope = 0.91, intercept = —0.03, R? = 0.35. Differences could be caused by differences
in size-resolved composition (particle composition beyond PM; that contributes LWC;
SVDMA scans up to 1.1 um, while f(RH)_water is based on PM.5), instrument sample
heating (i.e., the degree to which the instrument was close to ambient conditions, especially
when ambient RH was high, and most sensitive to slight T differences), and differences in

RH probe calibrations.

CTR predicted total LWC, (W; + W,), was 5.09 + 3.76 pug m= and agreed well with
f(RH)_water. The total predicted water was highly correlated and on average within 10%
of the measured water, with slope = 0.91, intercept = 0.46, R? = 0.75 (see Figure 2-9). Since
excluding refractory ions and not considering gas phase species in the ISORROPIA-II
calculations do not significantly affect the LWC prediction, its comparison across sites is

less uncertain than pH.
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Figure 2-9 Comparison between total predicted and measured water by nephelometers
based on hourly averaged data at CTR (SOAS). An ODR fit was applied. Error bars for
selected points are shown.

2.5.2.5 Model validation: Prediction of pH

ISORROPIA-II calculations of pH at CTR for the SOAS study were evaluated by
comparing measured and predicted NHz. Although NH4" and NH3, along with other aerosol
components, are input into the model, comparing ambient NHs* and NH3 to model
predictions is not a circular analysis. For each observed data point, the model calculates
total ammonia from the NH4* and NH3 input and then calculates the gas-particle ammonia
partitioning assuming equilibrium. There are also other various assumptions/limitations
associated with the model. Figure 2-10 shows the SOAS study time series of measured and
predicted NH3 and the fraction of ammonia in the gas phase, NHs/(NH3 + NH4"). Measured

and predicted NHs are in good agreement. Periods when almost all ammonia was in the gas
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phase (ratio near 1) are related to precipitation events (June 10, 24, 28, July 03, 04) when
aerosol concentrations were very low. Not including these events, the study mean (£ SD)
fraction ammonia in the gas phase was 0.41 (x 0.16) (median value is also 0.41). These
results provide confidence in ISORROPIA-II calculations of particle pH and demonstrate
the utility of including both measurements of particle and gas phases in these types of

studies.

When gas and particle data are not available, pH predictions are not as accurate [Hennigan
et al., 2015]. Running ISORROPIA-II in the forward mode, but with only aerosol
concentrations as input, may result in a bias in predicted pH due to repartitioning of
ammonia in the model. In the southeast, where pH is largely driven by SO4 and NH4™, the
aerosol NH4" input will be partitioned in the model between gas and particle phases to
establish equilibrium. Sulfate repartitioning does not occur since it is nonvolatile. Thus,
NH.4" will be lost from the particle and a lower pH predicted. At CTR ammonia partitioning
has been included in all model runs, but as no NHs was available for SCAPE. Assuming
the average NHs/NH4" ratio from CTR applies to all SCAPE sites to estimate NH3, along
with measured particle composition at each site, we got pH increases ranging from 0.87 to
1.38. In the following, all pH reported for SCAPE are corrected for this bias (i.e., pH
increase by 1 to simplify the correction). Note that ammonia partitioning does not
significantly affect the LWC prediction (W; predicted without NHz vs W; predicted with

NH3: slope = 1.00, intercept = -0.01 pug m=3, R? = 0.98).
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Figure 2-10 CTR (SOAS) time series of hourly averaged measured NH3, predicted NHs,
NHa fraction (i.e., measured NHa/(NH3s + NH4")) and precipitation.

2.5.3 LWC and pH at other sites in the southeast (SCAPE sites)

Seasonal trends

The methods developed and verified at CTR are now applied to the SCAPE study where
fewer species was measured. LWC predictions at all SCAPE sites are shown in Table 2-3,
providing insights on seasonal trends of LWC in the southeast. The overall summer LWC

mean was 5.02 pg m=and winter mean 2.22 pg m=.

At the SCAPE sites, JST, YRK, GIT, and RS, summer mean pH was between 1 and 1.3,
similar to CTR (mean of 0.94). In winter the pH (mean between 1.8 and 2.2) was higher
by ~ 1 unit. Although LWC was higher in summer, which tends to dilute H.;,. and increase
pH, summer pH was lower due to higher ion (i.e., sulfate) concentrations (Table 2-3).
Similar diurnal pH patterns were seen at all sites in all seasons and follow the diurnal
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variations of particle water (Figure 2-11). Overall the pH in the southeast is very low,
between 1 and 2 (mean), in both rural and urban environments. pH values in summer at
various sites were similar (1 to 1.3), suggesting a fairly homogeneous distribution of acidity
due to spatially uniform sulfate in the southeastern U.S. [Zhang et al., 2012]. In winter the
diurnal range in pH was roughly 2 units, while the diurnal range in summer was smaller,

with pH varying by roughly 1.

Recall at CTR, 10% RH uncertainty can result in a pH prediction error of up to 45% due
to the high RHs observed during the study. We estimated pH uncertainty from W; and W,
by + 10% RH for each SCAPE site. As Table 2-3 shows, the pH uncertainty associated
with RH is much lower in winter (only 1-3%) than summer (20-40%), although RH
averages were similar, e.g., JST in May (67 £ 19%) and Nov (63 = 19%), with even higher
RH in winter at YRK. Total pH uncertainty at all SCAPE sites are calculated by the same
method as CTR. Table 2-3 shows that higher RH and T result in larger pH uncertainty. In
summer, pH uncertainty is mainly caused by RH; while in winter, it can be attributed

mostly to uncertainty in ion concentrations.
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Figure 2-11 LWC and pH diurnal variation at SCAPE sites: comparison between summer
and winter. Median hourly averages and standard error bars at local hour are plotted. A
bias correction of 1 pH unit is applied due to not considering ammonia partitioning.
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The role of W,

W, was significant, accounting for on average 29-39% of the total PM_ s particle water for
all our sites (Figure 2-12 and Table 2-3). Note that, W, at SCAPE sites were calculated by
in situ AMS measurements at each SCAPE site and the mean k4 (0.126) measured at
CTR, due to lack of CCNc. Note that &, could be higher or lower at each site depending
on the type of organics presented and the related x,,.,. Figure 2-12 shows that I, is related
to the organic mass fraction. W, is comparable to W; at night. In contrast, it was only 33%
of W; during the daytime (Figure 2-3). The significant fraction, even during daytime,
indicates organic aerosol components will have a considerable contribution to aerosol
radiative forcing. Although organics are less hygroscopic than ammonium sulfate, a large
fraction of the PM2s (~70%) was organic, making W, contribution important. Of the
organic factors associated with W,, Cerully et al. [2014] showed that MOOOA (more-
oxidized oxygenated organic aerosol, also referred to as LVOOA, low-volatile oxygenated
organic aerosol) and Isoprene-OA (isoprene derived organic aerosol) were twice as
hygroscopic as LOOOA (less-oxidized oxygenated organic aerosol, also referred to as
SVOOA, semi-volatile oxygenated organic aerosol). The LWC associated with MOOOA

and Isoprene-OA account for ~60% and ~30% of total I/, in the daytime, respectively.
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Figure 2-12 W, mass fraction (e, ) plotted versus organic mass fraction at CTR (SOAS).
Overall study mean and standard deviation is also shown. ¢, = 61 + 14% and &y, = 36
+ 14%.

The effect of aerosol sources of particle water on pH can also be delineated. pH calculated
just by W; alone will be affected by an underestimation of particle water, resulting in a
slightly lower pH (Figure 2-13). W, is on average 29% to 39% of total water at all sites, as
a result pH increases by 0.15 to 0.23 units when W, is included. Independent of the pH
range, a 29% to 39% W, fraction always increases pH by 0.15 to 0.23 due to the logarithmic
nature of pH. The effect of W, on pH can be simply denoted as log;o(1 — &y, ). For
example, when &y, is 90%, it shifts pH up by 1 unit. pH based on WW; is highly correlated
with pH for total water (W; + W,) (Slope = 0.94, intercept = -0.14, R? = 0.97). This
indicates that if organic mass and k4 are not available, ISORROPIA-II run with only ion

data will give a reasonable estimate of pH, since both H.. and W; are outputs of
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ISORROPIA-II, while W, is predicted based on organic mass and k... Accurate

temperature and RH are still necessary inputs, especially when RH is high.

2.07 m pHby W+ W,
| pH by W;
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Figure 2-13 CTR (SOAS) pH diurnal profiles based on total predicted water and W;,
respectively. Median hourly averages and standard error bars at local hour are plotted.
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Table 2-3 Water and pH prediction for SCAPE sites. Means and SDs are listed, if not
specified. Total ion concentration is counted as the sum of AMS inorganics (4" row). Ew,
is the mass fraction of W, to particle LWC (6 row).

Site IST YRK GIT RS IST YRK
month/year 05/2012 07/2012 08/2012 09/2012 11/2012 12/2012
RH, % 67 +19 66 + 21 71417 72 +£20 63 +19 73+21
T, °C 231+43  27.7+44  263+35  214+38  115+48  98%52
Totalion . 4121 45422 53+26 41+27 36+2.1 23+18
concentration, Mg m
‘i}';: from 1.10RH 22.3% 21.4% 48.3% 22.1% 2.5% 1.4%
Total %’* 23.9% 23.0% 49.0% 23.7% 8.8% 8.6%
ey, % 34+11 3748 33+10 38 +11 39 +16 29+15
LWC, pg m® 508+628 8.14+847 841+7.67 7.81+923 588+869 3.24+346
pH* 13+07 1.1+0.6 11+04 13+07 22409 1.8+1.0
-3
LWC, g m 374+6.28 520+847 6.06+7.67 431+923 214+860 2.02+3.46
(median)
pH* (median) 1.2+07 1.0+0.6 1.0+0.4 12407 23+0.9 1.8+1.0

* A bias correction of 1 pH unit is applied due to not considering ammonia partitioning. See Section 2.5.2.5

for details.

2.5.4 Overall implications of low pH

Highly acidic aerosols throughout the southeast during all seasons will affect a variety of

processes. For example, aerosol acidity strongly shifts the partitioning of HNO3 to the gas

phase resulting in low nitrate aerosol levels in the southeast during summer (the higher

summertime temperature also plays a secondary role). Aerosol acidity also impacts the gas-

particle partitioning of semivolatile organic acids. Note, organic acids are not considered

in our model, under these acidic conditions (pH = 1) their contributions to the H

(hence

pH) are expected to be negligible. Because the pKa (pKa = — 10910 Ka, Ka referred as acid
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dissociation constant) of trace organic acids are > 2 (e.g., pKa of formic acid, one of the
strongest organic acids, is 3.75, Bacarella et al. [1955]), low pH prevents dissociation of
the organic acids. Since H" is involved in aqueous phase reactions, low pH can affect
reaction rates by providing protons. Investigators have found that Isoprene-OA formation
is acid-catalyzed and sulfuric acid participates in the reaction as a proton donor in chamber
studies [Surratt et al., 2007]. However, aerosol acidity appears not to be a limiting factor
for Isoprene-OA formation in the southeastern US, owning to the consistently very low pH
[Karambelas et al., 2014; Xu et al., 2015a]. Finally, low pH can affect the solubility of
trace transition metals (e.g., mineral dust) such as Fe and Cu, which possibly increases the
toxicity of the redox metals [Ghio et al., 2012; Verma et al., 2014] and may also have a
long term effect on nutrient distributions in the region [Meskhidze et al., 2003; Meskhidze

et al., 2005; Nenes et al., 2011; Ito and Xu, 2014].

2.6 Conclusions

Particle pH is important and difficult to measure directly. However, the commonly used
pH proxies of ion balances and NH4*/SO4* molar ratios don’t necessarily correlate with
pH. Therefore, predicting pH is the best method to analyze particle acidity. By combining
several models, we present a comprehensive prediction method to calculate pH and include
an uncertainty analysis. ISORROPIA-II is applied to calculate the concentration of H,..
and W; from inorganic aerosol measurements, and CCN activity is used to predict W,. The
adjoint model of ISORROPIA, ANISORROPIA, is applied to determine sensitivities,

which are used for propagating the measurement uncertainties to pH. We find that I/,

should be included when predicting particle LWC when organic loadings are high (such as
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in the southeastern U.S.). However, the pH prediction is not highly sensitive to W, unless
W, mass fraction to the total particle water is close to 1. Thus, in most cases particle pH
can be predicted fairly accurately with just measurements of inorganic species and
ISORROPIA-II. However, constraining ISORROPIA-II with gas phase species, such as
NHs, as done in this work (or HNOz3), is highly recommended, along with running
ISORROPIA-II in the forward mode. ISORROPIA-II does not consider organic acids, but
at the low pHs of this study, they do not contribute protons. However, for pH approaches
7, the dissociation of organic acids cannot be neglected. Finally, the model was validated
through comparing predicted to measured liquid water (W; + W, to f(RH)_water) and

predicted to measured NH3 concentrations.

On average, for the SOAS and SCAPE field studies, particle water associated with the
PM2 s organic species (W,) accounted for a significant fraction of total LWC, with a mean
of 35% (+ 3% SD) indicating the importance of organic hygroscopic properties to agueous
phase chemistry and radiative forcing in the southeast US. Although organics are less
hygroscopic than sulfate and ammonium, the larger mass fraction of organics than
inorganics promotes W, uptake. Predicted LWC was compared to LWC determined from
ambient versus dry light scattering coefficients and a TEOM measurement of dry PM2s
mass. In SOAS, the sum of W; and W, was highly correlated and in close agreement with
the measured LWC (slope = 0.91, R? = 0.75). LWC showed a clear diurnal pattern, with a
continuous increase at night (median of 10 ug m at 7:30 am) reaching a distinct peak

when RH reached a maximum near 90% just after sunrise during the period of lowest daily
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temperature, followed by a rapid decrease and lower values during the day (median of 2

pg m= at 2:30 pm).

In the southeastern US, pH normally varied from 0.5 to 2 in the summer and 1 to 3 in the
winter, indicating that the aerosol was highly acidic throughout the year. The minimum
and maximum pH were —0.94 and 2.2 at CTR, respectively and varied from a nighttime
average of 1.5 to daytime average of 0.6, mostly attributable to diurnal variation in RH and
temperature. Mean NH4*/SO4% molar ratios were 1.4 + 0.5 (SD) and roughly half the
ammonia was in the gas phase (NHa/(NH3z + NH4") = 41 + 16 %, mean + SD). pH at other
sites in the southeast (SCAPE study) was estimated based on a limited data set at an
estimated uncertainty of 9-49% and a systematic bias of —1 since NHz is not included in
the thermodynamic model run in the forward mode. pH can still be predicted with only
aerosol measurements, but an adjustment of one unit pH increase is recommended for the
southeastern US. pH has a diurnal trend that follows LWC, higher (less acidic) at night and
lower (more acidic) during the day. pH was also generally higher in the winter (~2) than
summer (~1). The low pH has significant implications for gas-aerosol partitioning, acid-
catalyzed reactions including Isoprene-OA formation, and trace transition metal

mobilization.
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CHAPTER 3. FINE PARTICLE PH AND THE PARTITIONING
OF NITRIC ACID DURING WINTER IN THE NORTHEASTERN

UNITED STATES

3.1 Abstract

Particle pH is a critical but poorly constrained quantity that affects many aerosol processes
and properties, including aerosol composition, concentrations, and toxicity. We assess PM1
pH as a function of geographical location and altitude, focusing on the northeastern US,
based on aircraft measurements from the Wintertime Investigation of Transport,
Emissions, and Reactivity (WINTER) campaign (Feb 01 to Mar 15 2015). Particle pH and
water were predicted with the ISORROPIA-II thermodynamic model and validated by
comparing predicted to observed partitioning of inorganic nitrate between the gas and
particle phases. Good agreement was found for relative humidity (RH) above 40%; at lower
RH observed particle nitrate was higher than predicted, possibly due to organic-inorganic
phase separations or nitrate measurement uncertainties associated with low concentrations
(nitrate < 1 ug m). Including refractory ions in the pH calculations did not improve model
predictions, suggesting they were externally mixed with PM; sulfate, nitrate, and
ammonium. Sample line volatilization artifacts were found to be minimal. Overall, particle
pH for altitudes up to 5000 m ranged between —0.51 and 1.9 (10" and 90™ percentiles) with
a study mean of 0.77 = 0.96, similar to those reported for the southeastern US and eastern
Mediterranean. This expansive aircraft data set is used to investigate causes in variability
in pH and pH-dependent aerosol components, such as PMy nitrate, over a wide range of
temperatures (21 to 19 °C), RH (20 to 95%), inorganic gas and particle concentrations and
provide further evidence that particles with low pH are ubiquitous.
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3.2 Introduction

Fine particles (PM2s) are complex mixtures of organic and inorganic species [Kanakidou
et al., 2005; Zhang et al., 2007a] often mixed with significant amounts of liquid water
[Carlton and Turpin, 2013]. Sulfate, ammonium, and nitrate are typically the most
abundant inorganic ions, with lower levels of sodium, chloride, crustal elements, and trace
metal cations, depending on location and season [Cabada et al., 2004; Sardar et al., 2005;
Peltier et al., 2007a; Zhang et al., 2010; Fang et al., 2015; Guo et al., 2015]. Among the
aqueous aerosol species, the hydronium ion (HsO", hereafter denoted simply as H*, but
recognizing that the unhydrated hydrogen ion is rare in agueous solutions) quantified with
a logarithmic scale, pH, drives many processes related to particle composition, gas-particle

partitioning, and aerosol toxicity.

H* catalyzes heterogeneous reactions such as hydration, polymerization, and carbonyl ring
opening [Jang et al., 2002] and may play a key role in secondary organic aerosol (SOA)
formation. Laboratory chamber studies have shown the production rate of SOA from some
biogenic volatile organic compound (BVOC) precursors, such as isoprene and a-pinene,
can be enhanced by strongly acidic particle seeds [Jang et al., 2002; Gao et al., 2004;
linuma et al., 2004; Tolocka et al., 2004; Edney et al., 2005; Czoschke and Jang, 2006;
Kleindienst et al., 2006; Northcross and Jang, 2007; Surratt et al., 2007; Eddingsaas et al.,
2010; Surratt et al., 2010]. Evidence for enhanced acid-catalyzed SOA formation in the
ambient atmosphere have been reported in some studies [Chu, 2004; Lewandowski et al.,
2007; Zhang et al., 2007b; Tanner et al., 2009; Pathak et al., 2011; Lin et al., 2012,

Budisulistiorini et al., 2013], while others have observed no SOA enhancement [Takahama
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et al., 2006; Peltier et al., 2007b; Karambelas et al., 2014]. Possible reasons for a lack of
definitive evidence include varying SOA formation precursors and pathways and a range
in particle pH, the latter dictating whether acidity is a limiting factor [Nguyen et al., 20144;
Budisulistiorini et al., 2015; Xu et al., 2015a]. The use of pH proxies to infer pH (e.g., ion
balances, NH4*/SO42 molar ratio, etc.) can also obscure the role of H* since they are not
uniquely related to pH (discussed below) [Pathak et al., 2004; Guo et al., 2015; Hennigan

et al., 2015; Weber et al., 2016].

In addition to altering the potential SOA pathways, pH affects particle mass concentrations
directly through partitioning of both semivolatile weak (e.g. formic, acetic, and oxalic) and
strong acids (e.g., nitric and hydrochloric). Low pH drives these acids to the protonated
and volatile states, and hence into the gas phase. In the summer, we reported that PM25
aerosol pH was consistently low, between 0.5 and 2 in the southeastern US [Guo et al.,
2015]. This leads to low concentrations of semivolatile acids in the particle phase. For
example, PM; inorganic nitrate (NO3") concentrations were on average 0.08 pg m= in
summer in Centerville, Alabama [Guo et al., 2015], with typical summertime partitioning
ratios, e(NO3z) = NO3/(HNOs + NO3), of 24 + 5% (Table 2 in [Blanchard et al., 2013]).
By impacting PM2.5 mass concentrations, particle pH can affect emission control priorities
aimed at meeting air quality standards to protect human health [Lelieveld et al., 2015].
Furthermore, pH-controlled partitioning of these acids and associated ammonium affects
deposition patterns of both acids and nitrogen (nitric acid, ammonia) due to large
differences in gas and particle deposition rates [Huebert and Robert, 1985; Duyzer, 1994,
Schrader and Brummer, 2014] and particle nitrate potentially affects N>Os heterogeneous
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reaction rates and NOx control [Wahner et al., 1998; Bertram and Thornton, 2009; Wagner

etal., 2013].

pH also affects the solubility of trace metals found in aerosols, such as Fe [Meskhidze et
al., 2003; Oakes et al., 2012]. Although mainly present as insoluble oxides, lower pH can
dissolve these metals and convert them to soluble forms, such as metal sulfates [Oakes et
al., 2012] and thereby significantly change the aerosol environmental impacts. For
example, on global scales, metal mobility affects nutrient distributions [Duce and Tindale,
1991; Meskhidze et al., 2003; Meskhidze et al., 2005; Nenes et al., 2011; Ito and Xu, 2014;
Myriokefalitakis et al., 2015; Myriokefalitakis et al., 2016] with important impacts on
productivity [Meskhidze et al., 2005], carbon sequestration and oxygen levels in the ocean
[Ito et al., 2016], whereas on regional scales soluble transition metals have been linked to
aerosol toxicity or aerosol oxidative potential [Ghio et al., 2012; Verma et al., 2014; Fang
et al., 2015]. Synergistic adverse health effects have also been observed between ozone
and acidic aerosols [Last, 1991; Enami et al., 2008] and many epidemiological studies have
reported adverse health outcomes associated with strong aerosol acidity [Koutrakis et al.,
1988; Thurston et al., 1994; Dockery et al., 1996; Raizenne et al., 1996; Gwynn et al.,

2000; Lelieveld et al., 2015].

These broad impacts of particle acidity motivate determining particle pH. Several studies
[Guo et al., 2015; Hennigan et al., 2015] evaluated thermodynamic modeling approaches
for calculating pH, including ISORROPIA-II [Nenes et al., 1998; Fountoukis and Nenes,
2007] and E-AIM (Extended Aerosol Inorganics Model) [Clegg et al., 1998; Wexler and

Clegg, 2002; Clegg et al., 2003], since an established analytical method that directly
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determines aerosol pH does not exist. ISORROPIA-II and E-AIM have been shown to give
similar results when both gas and particle phase are input (i.e., models run in the forward
mode) [Hennigan et al., 2015]. These thermodynamic models calculate particle hydronium
ion concentrations (moles of particle H* per volume air, H;,) and liquid water content that
is associated with inorganic components (I/;), based on particle and gas phase inorganic
species concentrations and meteorological conditions (relative humidity, RH, and
temperature, T). H.;, and W; can then be used to calculate particle pH. Accuracy of model
pH predictions can be assessed by comparing predicted to measured partitioning of
semivolatile species (e.g., NH3-NH4*, HNO3-NOs’), which can be highly sensitive to pH,
T, and RH (i.e., W) [Guo et al., 2015; Hennigan et al., 2015]. This paper extends our

analysis of fine particle pH from the southeastern [Guo et al., 2015] to the northeastern US

and presents some of the first data on pH as a function of altitude.

3.3 Methods

The Wintertime Investigation of Transport, Emissions, and Reactivity (WINTER) aircraft
study was based out of NASA Langley Research Center (Hampton, Virginia) and focused
mainly on the northeastern US. The National Center for Atmospheric Research (NCAR)
C-130 aircraft conducted a total of 13 flights from Feb 01 to Mar 15 2015. The payload
included a suite of instruments to measure gas and aerosol composition. Here we focus on
gas-phase nitric acid and measurements of aerosol inorganic components. Method details
are provided below. Ambient T, RH, and aircraft coordinates were provided by the
Research Aviation Facility (RAF) as part of the C-130 instrumentation package

(http://data.eol.ucar.edu/master_list/?project=WINTER). Aircraft data are typically
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reported at a reference temperature and pressure; however, concentration data are reported
here at ambient temperature and pressure because thermodynamic partitioning calculations

need to be carried out at ambient conditions.

3.3.1 Instrumentation

PILS-IC: PM; (particles with aerodynamic diameters < 1.0 um at ambient conditions)
water-soluble ions were measured with a Particle-Into-Liquid Sampler coupled with lon
Chromatographs (PILS-IC; Metrohm 761 Compact ICs) [Orsini et al., 2003; Hennigan et
al., 2006; Sullivan et al., 2006; Peltier et al., 2007a; Liu et al., 2012; Guo et al., 2015].
Ambient aerosol was sampled from a submicron aerosol inlet (SMAI) [Craig et al., 2013a;
Craig et al., 2013b; Craig et al., 2014; Moharreri et al., 2014] at a flow rate of 15.0 L min
! Residence time in the inlet and sample lines is estimated at 2 sec. Upstream of the PILS-
IC, a non-rotating micro-orifice impactor [Marple et al., 1991] with a 1.0 um cut size (at 1
atm and 273.15 K) restricted measurements to PM; to be comparable with the Aerosol
Mass Spectrometer (discussed below). Air temperature was measured just prior to the PILS
with a calibrated thermocouple since changes in T (and thus also RH) from ambient can be
significant when sampling from aircraft, and especially when ambient temperatures are
low. Below we show that the particles did not have sufficient time to adjust to these
changing conditions so the impactor cut size can be assumed to be for particles sizes under
ambient conditions. (Note that the range in ambient pressures encountered in this study
have minor effects on cut size; 10" percentile is 0.99 pm and 90" percentile is 1.00 pm).
Therefore, no corrections for PILS-IC measured species are made due to the small

deviation from nominal cut size. To eliminate gas interferences, phosphoric acid and
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sodium carbonate coated honeycomb denuders were installed before the PILS. The liquid
transport flow introduced at the top of the PILS impactor was spiked with lithium fluoride
(LiF) and measured with the IC to account for sample liquid dilution. The liquid sample
collected from the bottom of the PILS impactor was pumped into two ICs with 150 pL
sample loops and operated at a chromatographic separation of 3 min for both the anions
(chloride, sulfate, and nitrate) and the cation (lithium, ammonium, etc.). A Metrosep A
Supp 15-50/4.0 anion column and a C4-50/4.0 cation column (Metrohm U.S., Riverside,
Florida) were operated at an eluent flow rate of 1.05 mL min? and 1.0 mL min™?,
respectively. Eluents used during this campaign were 12 mM NaCOz (sodium
carbonate)/8.0 mM NaHCOs (sodium bicarbonate) for anion exchange and 2.0 mM
dipicolinic acid/3.0 mM HNOs for cation exchange. The cation IC (without suppressor)
exhibited higher baseline noise during the campaign than the anion IC, so lacked sufficient
sensitivity for reliable measurements of NH.*. Therefore, NH4"™ and other ambient cation
data from this instrument are not used in the following analysis. For all flights, a valve
upstream of the PILS diverted sampled air through a High Efficiency Particulate-Free Air
(HEPA) filter (Pall corp.) to provide blank measurements during the first 10 mins after
take-off. All data were blank corrected. Limits of detection (LOD) were estimated from the
blank measurements (3xSD of blanks) as 0.06 pg m= (S04%), 0.05 ug m=3 (NOs), and 0.12
pg m= (CI") for a 3 min sampling time. The relative measurement uncertainty for the anions
is estimated to be 20% based on uncertainty propagation of sample air flow, liquid flow
variations and instrument precision, which is based on variability in calibrations with

known liquid standards.
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AMS: A high resolution time of flight aerosol mass spectrometer (HR-ToF-AMS,
Aerodyne Research Inc., hereafter referred to as “AMS”) measured non-refractory
components of PMy at a rate of 1 sec in total aerosol mass mode. The general operation of
the AMS has been described elsewhere [Jayne et al., 2000; DeCarlo et al., 2006;
Canagaratna et al., 2007; Dunlea et al., 2009; Jimenez et al., 2009; Kimmel et al., 2011].
Particles were sampled through a NCAR High-Performance Instrumented Airborne
Platform for Environmental Research (HIAPER) Modular Inlet (HIMIL) [Stith et al., 2009]
at a flow rate of 10 L min, into a pressure controlled inlet operated at 325 Torr [Bahreini
etal., 2008], then introduced into the high vacuum region of the mass spectrometer through
an aerodynamic focusing lens, and transmitted to a detection chamber where particles
impacted on a porous tungsten vaporizer (600°C). Non-refractory species are flash
vaporized and then ionized with 70 eV electron impact ionization. The generated ions are
then extracted and analyzed by time-of-flight mass spectrometry. Residence time from the
tip of the HIMIL to the vacuum vaporizer was 0.5 sec. An estimated collection efficiency
based on the algorithm proposed by Middlebrook et al. [2012] was applied to all data, and
relative ionization efficiencies for sulfate, ammonium, and chloride were determined by
multiple in-field calibrations. Typical detection limits during the WINTER campaign were
0.02 pg sm for sulfate, 0.01 pg sm™ for ammonium, and 0.07 pg sm for nitrate and
chloride for a 1 sec sampling interval (sm™ refers to standard cubic meters under 1 atm and
273.15 K). Accuracy for AMS detection of inorganic species is estimated at 35% for
aircraft operation [Bahreini et al., 2009]. More refractory species, such as NaNO3z (sodium

nitrate) and NaSOa (sodium sulfate) are inefficiently detected by the AMS [Hayes et al.,
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2013]. AMS data are often used to estimate the fractions of inorganic and organic nitrates
using the measured NO>*/NO" ion ratios in the AMS [Fry et al., 2013]. However, in this
study, the presence of particulate nitrite and the likely partial detection of submicron
NaNOs made that method under-determined. For that reason, in addition to total measured
nitrate, estimates were made of just inorganic nitrate concentrations based on comparisons

of the AMS data to the 1C-based instruments.

CIMS: HNOs concentrations at a rate of 1 sec were quantified by a high resolution time of
flight chemical ionization mass spectrometer (CIMS), which used the I reagent ion to
selectively detect HNOs [Slusher et al., 2004; Lopez-Hilfiker et al., 2012; Lee et al., 2014;
Lopez-Hilfiker et al., 2016]. In a heated teflon flow tube at low pressure, iodide ions are
produced to selectively cluster with HNO3z in ambient air. The ions from the flow tube enter
a mass spectrometer, where they are detected. The estimated HNOs measurement
uncertainty is 15%. This includes the accuracy of NO> calibration cylinder and in flight
variability of continuous calibration source. Detection limit varies from flight to flight and
more information regarding the CIMS operation can be found in [Lee et al., 2014; Lopez-

Hilfiker et al., 2016].

3.3.2 pH and partitioning calculations

The ISORROPIA-II thermodynamic model [Fountoukis and Nenes, 2007] was used to
determine the composition and phase state of an NH4*-S04?-NO3-Cl-Na*-Ca?*-K*-Mg?*-
water (or a subset therein) inorganic aerosol in thermodynamic equilibrium with its

corresponding gas phase. Using ISORROPIA-II, we have reported on a comprehensive

62



method for pH prediction, validation, and uncertainty analysis based on the 2013 Southern
Oxidant and Aerosol Study (SOAS) [Guo et al., 2015; Weber et al., 2016]. Here, we follow

the same approach. pH is defined as,

1000)/H+H;ir~ log 1000y 4+HY;, (3-1)
=080 —

pH = —logioyy+Haq = —long W,

where y .+ is the hydronium ion activity coefficient (assumed = 1), qu (mole L) the

hydronium ion concentration in particle liquid water, Hy;, (ug m™) the hydronium ion

concentration per volume of air, and W;, W, (ug m™) are particle water concentrations
associated with inorganic and organic species, respectively. Guo et al. [2015] found that
pH predicted solely with W, is fairly accurate; pH was 0.15-0.23 units systematically lower
than pH predicted with total particle water (W; + W,) (R? = 0.97). This is likely an upper
bound on the error since organic aerosol mass fractions in that study were high (~60%, [Xu
etal., 2015b]). A lower contribution from W, is expected in WINTER due to lower organic
aerosol mass fractions (~40%); ApH was estimated to be +0.07 units including W, with
assumed organic hygroscopic parameter k,, 4 as 0.13 [Cerully et al., 2015]. Given this, and
that organic aerosol hygroscopicity was not measured, we determine pH only considering

W, since neglecting W, appears to cause only a minor effect on the pH characterization.

The behavior of pure inorganic salts, under variable RH, including deliquescence and
efflorescence, are well established both experimentally and theoretically [Tang, 1976;
Wexler and Seinfeld, 1991; Tang and Munkelwitz, 1994]. The behavior of mixed inorganic
and organic particles is more complex due to possible liquid-liquid or solid-liquid phase
separation between organics and inorganics at lower RH and O:C ratio (organic aerosol
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atomic O:C ratio) conditions [Bertram et al., 2011; Song et al., 2012; You et al., 2013; You
et al., 2014b; You and Bertram, 2015]. Therefore, liquid or solid phases of atmospheric
aerosols (deliquescence or efflorescence) depend on the RH and T history, and
composition. To simplify the simulations, ISORROPIA-II was run assuming particles are
“metastable”, with no solid precipitates (H" is not stable in effloresced aerosol), although
we did a sensitivity study assuming solid phases were present. Therefore, we excluded data
with RH < 20%, a condition where aerosols are less likely to be in a completely liquid state
[Ansari and Pandis, 2000; Malm and Day, 2001; Fountoukis and Nenes, 2007; Bertram et
al., 2011]. Furthermore, at such a low RH range, uncertainties in the pH prediction are
expected to be high due to highly uncertain activity coefficients associated with highly
concentrated solutions [Fountoukis et al., 2009]. Data for RH > 95% was also excluded
due to the exponential growth in particle liquid water with RH, which leads to high W; and
subsequently large pH uncertainty due to propagation of RH uncertainties [Malm and Day,
2001; Guo et al., 2015] and potential issues with inlet transmission losses. Between these

extremes, thermodynamic predictions are also assessed for differing RH ranges.

In running ISORROPIA-II to predict pH and semivolatile acid partitioning, it is also
assumed that the particles are internally mixed, and that pH does not vary with particle size
(so that bulk properties represent the overall aerosol pH) and that the ambient aerosols and
gases are in thermodynamic equilibrium. For submicron aerosol (PM1), equilibrium states
are typically achieved within 30 minutes under ambient conditions [Dassios and Pandis,
1999; Cruz et al., 2000; Fountoukis et al., 2009]. The ISORROPIA-II input RH and T

during the WINTER campaign were as low as 20% and —21°C. Therefore, the timescale of
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equilibration could be much longer than 30 mins [Zobrist et al., 2008; Tong et al., 2011,
Shiraiwa and Seinfeld, 2012], so thermodynamic calculations may deviate from observed
partitioning of inorganic semivolatiles. Also, organic-containing aerosol may become
semi-solid or glassy at low RH and T, which can further increase the equilibration timescale
considerably. This potential impact is evaluated below. For conditions during the SOAS
study in the southeastern US in summer (T =25 £ 3 °C and RH = 74 £ 16%), Guo et al.
[2015] found that thermodynamic calculations accurately predicted bulk particle water and

ammonia partitioning over the complete T (18 to 33 °C) and RH (36 to 96%) ranges.

3.4 Results

3.4.1 Comparison between methods for measuring particle ionic composition

Several instruments measured aerosol inorganic chemical composition during this study.
For PMy, along with the PILS-IC and AMS, a second PILS was coupled to a fraction
collector and the vials analyzed off-line by IC for water-soluble ions and carbohydrates
(e.g., levoglucosan). A filter sampling system was used to collect nominally PMs
[McNaughton et al., 2007], which were subsequently analyzed for water-soluble ions by
IC. (Methods for PILS with fraction collector and the filter sampling system are described
in the supporting materials B.1 [Dibb et al., 1999; Dibb et al., 2000; Sorooshian et al.,
2006]). A summary comparing sulfate and nitrate from these various instruments can be
found in the Figure B-1. Good correlations were found between the various instruments for
sulfate, with R? between 0.72 and 0.83. However, systematic differences were observed,

with orthogonal regression slopes between 1.05 and 1.52. On average, PILS-IC sulfate
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(PM1) was the lowest and filter sulfate (PM4) the highest. Somewhat similar results were
also found for nitrate, with R? between 0.65 and 0.87 and slopes between 0.86 and 1.43.
The two PILS measurements were most similar. The lowest correlation was observed
between filter and both PILS (also for AMS) nitrate, which is likely due to nitrate
associated with particles larger than PM;. The better agreement with sulfate between these
instruments suggests the coarse fraction is mostly devoid of sulfate (with the exception of
periods during Flight 13, which was conducted far offshore). We note that although the
size cut is nominally the same (PM31) between PILS and AMS, there are differences
between the actual cuts as they are imposed by very different physical devices and under
different pressure conditions (see e.g. [DeCarlo et al., 2004]). During periods in which

larger particles are present, this effect could lead to some measurement differences.

Ammonium data are not compared since PILS-IC cation data were not available. In the
subsequent analyses, we estimated an NH4" concentration that would be consistent with
the PILS-IC by multiplying the AMS NH4", merged to PILS time-resolution, by a constant

factor of 0.7 (the average of PILS-IC/AMS nitrate and sulfate slope, Figure B-1).

In the following analyses of fine particle pH, we use both the PILS and AMS data to
calculate pH, since each method has distinct advantages, and also to test the sensitivity of
predicted pH using different methods for measuring ion concentrations. The PILS-IC (or
any other IC analysis method) directly measures aerosol inorganic aqueous ion
concentrations making the data directly applicable to pH calculations. (Note, in these
methods the extractions result in highly dilute solutions so that ions are completely

dissociated and measured by the IC). The AMS does not specifically measure ionic
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concentrations, which can potentially raise a number of issues under certain circumstances.
First, refractory species that are at least to some degree soluble (e.g., NaCl, NaNOs3,
Ca(NO3)2, Mg(NOs)2, MgSOs, KCI, KNO3, K>S0, etc.) can have a large impact on pH,
even at low concentrations, but are not efficiently detected by AMS. However, often these
species are mostly found in the supermicron size fraction and have little influence on PM1

pH (discussed in more detail in the section 3.4.8).

The AMS also cannot readily distinguish between inorganic and organic forms of nitrate
and sulfate. For example, evidence from AMS and PILS data (not shown) indicates that
nitrites and organic nitrates are variably present during WINTER, and could explain some
of the differences in nitrate observed between these instruments, especially when inorganic
concentrations are low (Figure B-2). Similar interferences could occur for sulfate. Unlike
the PILS-IC, the AMS provides higher time resolution and a more precise measurement of
the suite of ions, as the same detector is used for anions and cations. These issues are
pertinent to this study. Here, we analyze the data to utilize the PILS accuracy and AMS
precision. We will show, that for this study, the AMS precision is more beneficial for
assessing factors that influence pH, while the PILS accuracy is important for constraining

the absolute value of pH, especially when there are nonvolatile cations present.

3.4.2 Predicting pH

For the WINTER data set and the full range of RH sampled (20-95%) we first predict pH
with ISORROPIA-1I using ambient T, RH, HNO3 and either i) PILS NOs, SO4%, and

scaled AMS NH4*, or ii) AMS NOs’, SO4%, and NH4*. Figure 3-1 shows that pH from these
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two data sets are, on average, in agreement, slope = 1.08, but there is substantial scatter R?
= 0.44. Also, although AMS sulfate and nitrate are systematically 52% and 43% higher
than PILS-1C measurement (Figure B-1), these differences do not systematically influence
the calculated pH since the difference likely applies to all species. We conclude that pH is
not highly sensitive to systematic aerosol input differences, even up to 50%, as long as the

ion ratios are scaled accordingly.

y=mx+b
m = 1.08 £ 0.05 o
3 |b=0.00+0.06 | ¢ e

Predicted pH via AMS

2 A1 0 1 2 3 4
Predicted pH via PILS-IC anions & AMS NH4+

Figure 3-1 Comparisons of PM1 pH predicted with aerosol phase input (NH4*, NOs", SO4*
) from the AMS vs. PILS-IC anions and scaled AMS NH4*. Gas phase HNOz and ambient
RH, T input are the same for the two predictions. Orthogonal distance regression (ODR)
fit is shown.

A potential limitation with the pH prediction with this data is lack of reliable gas phase
ammonia (NHs). Not including NHs is expected to result in an overestimation of particle
acidity because the partitioning of NH3-NH4" is derived based on only the NH4* mass

loadings; this means a fraction of the measured NH4™ is partitioned as NH3 to the gas-phase
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and releasing more particulate H* in the process. NHz was measured as part of the WINTER
campaign, however, there were known uncertainties with detection limits and artifacts
associated with the inlets/sampling system. When included in the thermodynamic model,
it resulted in NOs™ overpredicted by 65% compared to the measurement and the R? of
predicted vs. measured £(NO3") decreased from 0.70 to 0.40 (the modeling of HNO3-NO3
partitioning will be discussed in the next section). Instead, to assess the effect of lack of
NHs data, we iterated ISORROPIA-II using the predicted NHs data to calculate total
ammonia (NHsz + NH4") as input for the next iteration, until NHz predictions converge. A
more straightforward method, predicting gas phase NH3 based on aerosol composition in
ISORROPIA-II reverse mode, is not chosen because the prediction is highly sensitive to
NH4" input (i.e., 35% instrument uncertainty can cause large errors [Hennigan et al.,
2015]). Based on the iteration method, predicted WINTER mean NH3z concentrations were
0.10 pg m (10™ percentile = 0.0 pug m3, 90™ percentile = 0.25 pg m=) and most of the
ammonia partitions to the particle phase (¢(NHs") = 91 £ 22 %). Particle pH changed by
only approximately 3% (slope = 0.97, R? = 0.81), with a pH systematically ~0.2 pH units
(regression intercept) higher for the iterated solution compared to not including NH3z data.
Therefore, not including gas phase NHz in the thermodynamic calculations for this study

has a minor effect and reported pH is not corrected by the iterated NHa.

3.4.3 Verification of the Thermodynamic Model: Comparison of nitric acid-nitrate

partitioning

Validity of thermodynamic model predictions may be assessed by comparing predicted and

measured gas partitioning fractions of the semivolatile species. Comparing completely
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nonvolatile or volatilized components is not a viable or useful test. The best semivolatile
species for evaluation, however, depends on the pH levels of a given study. For example,
in SOAS (summer in the southeastern US) the conditions were such that HNO3z was almost
entirely in the gas phase, whereas NH3 was evenly distributed between phases, (NH4") =
NH4*/(NHs + NH4") = 59 + 16%, making it the better species to test the model [Guo et al.,
2015]. In this study (winter in the northeastern US), NH3 was estimated to be mainly in the
particle-phase, as discussed above, and HNOs was more evenly distributed between
particle and gas, e(NOs") = NO3/(HNOs + NO3’) = 31% PILS data and 39% AMS data,
making it the better parameter to compare. Using predicted gas-particle partitioning
concentrations is a valid test since when operating in forward mode, ISORROPIA-II
calculates the gas-particle equilibrium partitioning concentrations based on the input of

total concentration of a species (gas + particle).
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Figure 3-2 Comparisons of predicted and measured HNOs (nitric acid), (NO3") (nitrate),
and e(NOz) (particle nitrate fraction of total nitrate) for data from the complete WINTER
study: (a-c) PILS-IC anion input with scaled AMS ammonium (NH4"); (d-f) AMS input.
Example error bars at three selected data points illustrate the uncertainty in measured
€(NO3") from combined HNO3 (15%) and NO3™ (35%) uncertainties. ODR fits are shown.
Average conditions for each RH range are given in Table 3-1.

A comparison of predicted HNO3z and NOs™ to measured values is shown in Figure 3-2.
Overall, for the 20-95% RH data set, the model captures the observed HNO3z and NOs".
Less scatter is seen when ISORROPIA-I11 is run with the AMS aerosol data, consistent with
expectation that it is more precise than the combined PILS anions and AMS NH4* data set
(Note that including predicted NHs results in a better comparison between predicted and
PILS-1C measured NOs", with the R? increasing from 0.71 to 0.77, not shown). From Figure
3-2, ISORROPIA-II predicted HNO3z and NOs are on average within 10% of the
measurements and highly correlated. However, there is much more scatter for the e(NO3")
comparison, partly due to propagation of the uncertainties from both HNO3 and NOs’
measurements needed for the calculation. (Note, individual data below 2xLOD
concentrations were excluded for ¢(NOgz"), due to larger relative uncertainties). Not all the
spread in e(NO3"), however, can be attributed to the impact of measurement errors or noise,

as higher discrepancies tend to be associated with lower RH.

Focusing on narrower RH ranges permits a more detailed exploration of the systematic
biases. Figure 3-3 shows the predicted and measured HNO3z and NOs™ concentrations, and
€(NO3") for three RH ranges, 20-40%, 40-60%, and 60-95%. The least discrepancy is found

for the 60-95% RH range, and the largest bias is found for 20-40% RH, which also has the
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lowest total nitrate concentrations (Table 3-1). The larger discrepancy at lower RH may be

due to a number of factors, including ignoring possible phase separations and measurement

limitations. Each factor is considered below.
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Figure 3-3 Comparisons between predicted and measured HNO3, NO3z", and ¢(NOs") with
data from the complete WINTER study (AMS aerosol data only) for different ambient RH
ranges: (a-c) 20-40%; (d-f) 40-60%; (g-i) 60-95%. ODR fits are included in most plots.
Note that for the concentrations, the axis ranges get smaller with decreasing RH.
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Phase Separation: Two types of phase separations are possible, solid-liquid and liquid-
liquid. Considering just the inorganic phase first, assuming solid salts precipitate from a
supersaturated aqueous phase (i.e., ISORROPIA-II runs in stable mode instead of
metastable) does not improve the predictions, but rather worsens them; NOz™ is much more
substantially underpredicted by the model as RH decreases (Figure B-3), compared to
metastable aerosol calculations. At high RH, there is little difference between the
metastable and semi-solid assumptions because the inorganic salts (e.g., NH4sNO3 and
(NHa4)2S04) deliquesce. Overall, we find that running ISORROPIA-II in metastable mode
over the 20-95% RH range agrees better with observations (although there are still
discrepancies at lower RHSs), thus solid-liquid phase separations of the inorganic species

does not appear to explain the e(NOz") discrepancies at low RH.

Table 3-1 Summary of ambient temperature and PMy organic aerosol (OA) atomic O:C
ratio, OA to sulfate mass ratio, nitrate concentrations (all from AMS data), and gas-phase
nitric acid concentrations for data binned by ambient RH.

RH T,°C o:.C OA:SOs# | NOs, ugm= | HNO3, ug m?3 | Total NOg, ug m? | Points #
20-40% | 00x76 | 0.79+£0.20 | 1.36£0.72 | 0.37+0.36 1.04£0.71 141x0.75 272
40-60% | -16+69 | 0.76 £0.16 | 1.54+£0.91 | 0.66+0.79 0.99+1.04 1.65%1.65 1192
60-95% | -0.7+£5.3 | 0.78+0.11 | 1.75+0.79 | 1.40+1.28 2.37+2.40 377277 902

Organic-inorganic liquid phase separations are also possible. Lab studies show that liquid-

liquid phase separation is always observed at aerosol O:C (organic aerosol atomic O:C
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ratio) < 0.5, whereas no phase separations occur for O:C > 0.8 [Bertram et al., 2011; Song
et al., 2012; You et al., 2013; You et al., 2014b]. Although these experiments were
performed at temperatures between 17 and 27 °C, the results should still be applicable to
the WINTER study (minimum T of —21 °C), since liquid-liquid phase separation is not a
strong function of temperature for temperatures between —29 and 17 °C [Schill and Tolbert,
2013; You and Bertram, 2015]. To assess if conditions are conducive to liquid-liquid phase
separation, T, O:C, OA:SO4* (organic-to-sulfate aerosol mass ratio), and nitrate mass
loadings are contrasted for the three RH ranges (Table 3-1). Temperatures are similar with
only 2 °C difference in the means, and so likely not a cause for the ¢(NO3z") bias at low RH
(also shown in Figure B-4). The O:C ratios are generally at the upper end of the range
where phase separation can occur. Furthermore, for O:C in the “transition regime”
(0.5<0:C<0.8), the case here, if OA:SO.* is larger than unity, phase separations are less
likely [Bertram et al., 2011]. All OA:SO4? are on average above unity, suggesting no phase
separations, but there is a trend with the smallest ratio (1.36 + 0.72) coinciding with the
20-40% RH bin, which is where the largest £(NO3) bias is seen. Furthermore, in the O:C
transition regime, the possibility of liquid-liquid phase separation increases as RH
decreases. Thus, the trends are consistent with increasing likelihood of organic-inorganic
phase separations at the lower RH range, but the conditions are not such that phase
separation is definitively expected at the lowest RH range, as no clear dependence on O:C

is observed in Figure 3-3c, f, and i.

Organic-inorganic phase separations may lead to measured ¢&(NOs) (or
NOgz" concentrations) larger than thermodynamic predictions. For example, during a drying
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event, an organic semi-solid liquid coating formed over the inorganic aqueous phase (or
possibly an inorganic solid core) containing the ions might inhibit gas-particle equilibrium,
lowering the evaporation of semivolatile NO3". pH of the separate phases would also differ.
The thermodynamic model predicts pH assuming all ions are only in the inorganic aqueous
phase. However, if NO3™ is miscible in the organic-rich aqueous phase, and the pH higher
than the inorganic aqueous phase, measured bulk aerosol NOs  would be higher than the
thermodynamic prediction. Whereas the inorganic phase pH was between —1 and 0 (25"
and 75" percentiles), we estimate that an organic-rich phase pH of ~ 3 would increase
NOg3™ concentrations sufficiently to bring predicted ¢(NOz) into closer agreement with
observed. Higher organic-rich phase pH is possible because of the weaker organic acids
compared to sulfuric acid. One of the strongest organic acid, formic acid, has a pKa of 3.75
[Bacarella et al., 1955]. Bougiatioti et al. [2016] also found that organic-rich aged biomass
burning aerosols sampled in the eastern Mediterranean had pH levels ~ 3, consistent with

strong nitrate partitioning onto the aerosol.

Uncertainties in measured inorganic nitrate at low concentrations: Another factor
associated with increasing discrepancies between predicted and measured g(NO3) with
lower RH is that total nitrate concentrations were also lowest in this RH range (Table 3-1
and Figure B-5). This can lead to discrepancies in two ways. First, at lower concentrations,
the measurements have larger relative uncertainties. Secondly, we have used the AMS data
for this analysis since it is more precise than the PILS-IC data, but AMS nitrate may also
include some contributions from organonitrates. The relative contribution of organonitrates
is likely to be higher when inorganic nitrate concentrations are lower, consistent with
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higher observed nitrate compared to the model at lower RH. Because the PILS-IC only
measures inorganic nitrate, we compared the PILS-AMS nitrate measurements for the three
RH ranges. No evidence was found for AMS nitrate being systematically higher at lower
RH (Figure B-2). An attempt was also made to account for the possibility of interferences
in AMS-reported nitrate due to other forms of nitrate or to nitrite. On a flight-by-flight
basis, AMS inorganic nitrate (inorgNO3z") was estimated by scaling AMS NOsz" to PILS-IC
NOz" (see Figure B-6 comparing AMS inorgNOs” to AMS NOs). This type of variable
scaling factor resulted in thermodynamic-predicted nitrate for all data on average 24%
higher than observed (Figure B-7), whereas for AMS total nitrate the slope was 0.99
(Figure 3-2e). Comparison between predicted and measured NOs™ was also more scattered
(R? = 0.88 for estimated AMS inorgNOs versus R? = 0.96 for AMS total nitrate).
Therefore, in the following analysis, we simply use AMS total NOs™ instead of estimated

AMS inorgNOs".

Role of fine mode nonvolatile cations: If the particles are internally mixed and with
uniform composition versus particle size, nonvolatile cations (NVCs) such as Na*, K%,
Ca?*, Mg?* can affect pH. These refractory cations have so far not been considered in the
thermodynamic calculations. Including them in ISORROPIA-II does not significantly
affect pH, until the concentrations become significant relative to the anions. For example,
when NaCl is less than 50% of the aerosol ionic molar mass (Na*-NH4*-S04%-NO3-CI"),
including PILS-fraction collector PM; Na* and CI- data with AMS NH4*, NO3", SO+ in
the ISORROPIA-II analysis does not significantly change the particle pH; the mean change
in pH is +0.4 units. Although small, this change in pH can be important for the fraction of
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total nitrate that partitions to the aerosol if in the pH-sensitive region (discussed below in
section 3.4.6). The general small impact from the nonvolatile Na* is because the aerosols
were acidic enough so that H* is a major ion in the system. However, when the NaCl
becomes a significant fraction relative to the total ions (mole fraction > 50%), the pH can
dramatically increase (Figure B-8). This is observed in the ambient data when there was a
dramatic drop in PMj sulfate and increase in PM1 Na*, resulting in an aerosol of mainly
Na*-containing salts, where pH can change from near zero to above 3. For typical WINTER
conditions, a sensitivity analysis shows that this transition occurs at Na* greater than 0.5
ug m3, pH exceeds 2-3 and drives nitric acid partitioning to the aerosol (Figure B-9).
However, including NaCl causes greater deviation between predicted and measured HNO3-
NOs partitioning (Figure B-10) suggesting that these other cations are likely not internally
mixed with the PM1 NH4*, NOg", and SO.%. Therefore, in the remaining analysis, the
reported particle pH is calculated without any refractory ions present. The role of coarse

mode salts is discussed below (Section 3.4.8).

In summary, the overall good agreement between the model and measurements of nitric
acid partitioning (HNO3s and NOs regression slopes deviate < 5%, and R? > 0.9) suggests
that when RH is greater than 40%, the assumption of a metastable aerosols (i.e., complete
aqueous solution) with no phase separation a